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Estuaries are recognised for their biological diversity and productivity, as well as the vital role
they play in providing habitat for organisms which utilise them as nurseries and feeding
grounds. In many parts of the world concern has been expressed that the important functions
and values of estuaries are being increasingly impacted upon by human activity. In South Africa
diminishing freshwater inflow is a particular concern as this has led to an increase in the
frequency and duration of mouth closure, which together with other factors has resulted in a
marked deterioration in the condition of many estuaries.
Global environmental imperatives require an approach to ecosystem management that is
defensible and sustainable in the long term. Current approaches to estuary management in
South Africa do not meet these criteria, and consequently, this study set out to develop
methodologies to address these shortcomings. Three modelling approaches are presented,
which can be used independently, or conjunctively, in defining the freshwater requirements of
estuaries. The models assess the consequences of change in freshwater inflow for (i) juvenile
fish which utilise estuaries as nurseries, (ii) the availability of intertidal and species specific
habitats, and (iii) the population structure and production of a common estuarine invertebrate
(Upogebia africana), endemic to the region.
These techniques are applied in a case study of the Great Brak estuary (Western Cape, South
Africa). The results indicate the utility of the approach and are supported, in part, by the
findings of a long-term monitoring programme. The study also recognises the need for resource
management to occur in the context of an integrated framework, which includes the explicit
definition of ecological goals. Such a framework is presented, and is consistent with the
Ecological Society of America's guidelines on sustainable ecosystem management.
As this approach has been devised to be applicable to South African estuaries, characterised
by poor data availability, it is anticipated that methodologies will be equally applicable to
estuaries in other developing countries with a similar lack of data. The methodologies also
extend current international approaches to the management of estuary freshwater inflow, and
would therefore be of value to estuaries in the United States of America, Australia and other
regions where diminishing freshwater inflow has been raised as a concern.
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This chapter provides an overview of the value and importance of estuaries as ecosystems, as
well as providing a brief assessment of their present condition in South Africa. In outlining
some of the threats facing South African estuaries, one of the most pervasive problems, that
of diminishing freshwater supply, is highlighted. It is toward finding a management approach
to addressing this issue that this study is directed. The remainder of this chapter will provide
additional background, while Section 1.8 will set out the objectives and structure of this thesis.
1.2 The value of estuaries
Estuaries are undoubtedly important and valued features of the landscape. By virtue of their
unique position at the interface of sea, river and land, estuaries support a distinctive assemblage
of birds, fish and invertebrates, as well as characteristic floral communities such as mangrove
swamps and salt marshes (Ketchum 1983; Kennish 1986). Although comprising only a
fractional volume and area of the global hydrosphere, estuaries are considered to be highly
productive ecosystems, sustaining an endemic flora and fauna and playing a vital role in the
life history and development of numerous aquatic organisms (Odum 1970; Jefferies 1972; Day
1981a; McLusky 1981; Ketchum 1983; Kennish 1986).
The role of estuaries in sustaining both freshwater and marine populations of several species
is now widely acknowledged. Thus marine populations of some species are considered to be
dependent on the availability of estuarine nursery areas for juveniles of the species, and
conversely, certain estuarine populations are known to be dependent on marine conditions for
spawning (Whitfield 1994a). This functional interdependence of the freshwater, marine and
estuarine environments creates a dynamic concept of estuary habitat which may be considered
from the following perspectives :
(i) Estuaries as permanent habitats for endemic species
Certain species require estuarine conditions in order to exist, and consequently the continued
survival of these species is dependent on the availability of estuarine habitats. In the
development of an estuary association classification for fish, Whitfield (1994a) reports that
26% of the 142 estuary associated taxa are estuarine species which breed in estuaries, many
of which are endemic. Cyrus (1991) lists 20 fish species endemic to South African estuaries;
three of which are considered vulnerable, and five of which are considered rare (Skelton
1987). Day (1981a) reports 15 macrobenthic species restricted to estuaries.
(ii) Estuaries as permanent habitats for species which have an obligate marine phase in
their life cycle
Some species, such as Scylla serrata, Upogebia africana and Ambassis natalensis are
estuarine residents, but require marine conditions for spawning or larval development
(Martin 1983; Robertson & Kruger 1994; Wooldridge 1991). In general, adults migrate to
sea, spawn and return to estuaries. Eggs hatch at sea and then recruit into estuaries at a
larval or postlarval stage. Alternatively, as in the case of Upogebia africana, larvae require
marine conditions to complete a certain phase of their life cycle (Wooldridge 1991). In the
latter case, eggs hatch within the estuary and postlarvae migrate to sea for a short period
before returning to the estuary to continue their growth into adult prawns.
(iii) Estuaries as temporary habitats for species which have an obligate or opportunistic
estuarine phase in their life cycle
Certain marine species such as Rhabdosargus holubi and Penaeus spp., recruit into estuaries
as postlarvae or juveniles for varying periods of time. Cyrus (1991) has listed reasons for
recruitment of marine species as; utilisation of calm waters and shelter (Blaber 1974),
reduced predation pressure (Whitfield & Blaber 1978; Blaber 1980), food availability
(Blaber & Whitfield 1977) and the presence of turbid water (Blaber & Blaber 1980; Cyrus
& Blaber 1987a,b). In many cases it is not known whether recruitment is obligate or
opportune. Some freshwater species such as the carid shrimps {Macrobrachium spp.)
require brackish waters for larval development (Bickerton 1989), in which case they migrate
from rivers into estuaries to complete this phase of their life cycle.
(iv) Estuaries as transient habitats for species which transfer between marine and
freshwater conditions during their life cycle
Although anadromous species such as the salmon (Salomar salar) are absent from the South
African fish fauna; Wallace etal. (1984) report that four species of catadromous eel migrate
as adults from their freshwater environment to the sea to spawn. Juveniles then pass through
estuaries back into rivers where they mature to adults.
(v) Estuaries as temporary habitats for opportunistic species
Estuaries are generally regarded as highly productive environments, enriched relative to the
sea in both organic matter and nutrients (Kennish 1986). The detritivorous populations
which this food source supports provides a resource base for piscivorous and benthic
predators. Thus marine fish, many of which are favoured angling species, are frequently
found in estuaries. In addition, a variety of bird species utilise estuaries opportunistically,
using sand banks as roosting sites, and intertidal zones as a rich source of food.
In sustaining both freshwater and marine populations offish and invertebrate species, estuaries
are also in part sustaining the extensive recreational and commercial fisheries associated with
the coastal zone. For example, over 55 % of the mass of the United States commercial fish and
shellfish catch is dependent on estuaries, and these estuaries are known to have furnished an
estimated 100 million days of sport fishing per year (Benson 1981). In Australia the gross value
of production in the fishing industry was $ 1.4 billion in 1992/3 and recreational fishing was
worth $2.2 billion in the 80's (Turner, Subak & Adger 1996), a significant component of which
can be attributed to estuaries. In developing regions, such as the in the Pacific and Caribbean,
nearshore fisheries are particularly important to humans as a food source, providing a
substantial proportion (90 %) of coastal inhabitant's required protein intake (Lundin & Linden
1993).
Estuaries are also popular recreation venues and are subj ect to continually increasing utilization
pressures. Being environments of high aesthetic value and offering a range of recreational
opportunities; estuaries are prime areas for marina and resort development, and are
consequently often the loci for the trend of increasing utilization of coastal resources in South
Africa (Day & Grindley 1981; Sowman 1987), as well as in other parts of the world. According
to Turner, Subak and Adger (1996) over half of the world's population lives within 60 km of
the shoreline, and in many countries the growth rate of coastal populations is near to double
that of the national growth rate. The trend of an increasing coastal population is expected to
continue globally, particularly in Asia, Africa and South America, with a coastal population
comprising two-thirds of the population of developing countries (3.7 billion) expected by the
year 2000 (Turner, Subak & Adger 1996; World Resources Institute 1994).
In addition to direct utilisation pressures, estuaries are also subject to anthropogenic
disturbances originating in the catchments which provide their freshwater inflow. Changes in
land use, increased abstraction of water, increased soil erosion and the use of rivers for waste
disposal all bring about change in estuaries. This change may be evident as an alteration in flow
regime, water quality or circulation; or may result more directly in habitat degradation. Some
have proposed that while estuarine ecosystems have evolved in concert with complex natural
disturbance regimes, anthropogenic disturbances have altered the patterns and scales of natural
disturbance to the extent that some systems have changed states (Breen, Whitfield &
Wooldridge 1991). Although quantitative data supporting this hypothesis has yet to be collated,
it is clear that population growth and concomitant urbanisation and industrialisation will impact
on estuaries to an increasing extent (Day & Grindley 1981).
1.3 The condition of South African estuaries
Growing concern regarding the condition of estuaries in Natal (now KwaZulu-Natal) (Heydorn
1972,1973) led to the initiation of a project funded by the Natal Town and Regional Planning
Commission, to synthesise the available information on estuaries of the region. The study was
commissioned in 1976 and completed in 1978, finding that only 20 of the 73 estuaries evaluated
could be considered to be in a good condition (Begg 1978). Although Begg (1978) considered
siltation to be the greatest threat to estuaries, flow diversion, and the construction of dams and
weirs were also recognised as problems (Table 1.1).
A similar review of estuaries of the Cape coast was commissioned in early 1979 (Heydorn &
Tinley 1980). Both these publications drew attention to the growing need for the formulation
of policy to direct sustainable management in the coastal zone, and provided preliminary
guidelines for land use planning and management in the coastal zone. Day and Grindley (1981)
provided further insight into management needs in South Africa, assessing estuary management
problems, reviewing appropriate legislation, and reiterating the need for sound management and
the implementation of procedures such as Environmental Impact Assessments.
Table 1.1 : Summary of the various types and likely consequences of anthropogenic















Losses in storage capacity: losses of water
area; increased turbidity.
Substrate disruption; turbidity; wetland
disruption; increased tidal exchange.
Erosion and silt transport.
Silt transport; reduced winter flow;
destruction of sources of detritus.
Reduced flow in estuary giving rise to mouth
closure; or else increased water velocities
giving rise to siltation.
Modification of flow, giving rise to mouth
closure.
Reduced tidal exchange; reduced scour;
water area losses; decrease in depth.
Altered water levels: altered salinity: altered
circulation.
Deterioration in water quality; increased
biological demand for oxygen; presence of
toxic compounds.
PROBABLE RESULTS IN TERMS OF ESTUARINE PRODUCTIVITY
ADVERSE
Decreased production due to
decreased light penetration;
exclusion of visual feeders;
suffocation of benthic fauna;
decreased carrying capacity.
As above.
As above, with particularly severe
decrease in productivity due to
elimination of detritus sources.
Impeded immigration; decreased
production at all levels.
As above; including diminished
beach nourishment; barriers to
movement.
Decreased production at all levels.
Lowered carrying capacity;
decreased utilisation; barriers to
movement.
Modification of species composition
and abundance; development of
sludge communities; poor survival.
BENEFICIAL
Reed encroachment; mud flat
formation.
Deepened areas offer refuge;








Increased bird life; limited
enhancement of fertility.
These concerns were again highlighted in a subsequent review of Natal estuaries (Begg 1984a),
culminating in the publication of policy proposals for estuaries of the region (Begg 1985). Site
specific assessments of the condition of certain estuaries (Blaber, Hay, Cyrus & Martin 1984)
ensured that concerns remained in the public eye, ultimately leading to a national assessment
of the status of South African estuaries (Heydorn 1986). This survey found that only 24 % of
Cape estuaries and 28 % of Natal estuaries could be considered to be in a good condition.
Twenty-two percent of the total number of estuaries assessed were considered to be in a poor
condition (Figure 1.1) (Heydorn 1986).
The subsequent development of a community degradation index (Ramm 1988) again
highlighted the extent to which some estuarine communities have become depauperate.
Application of this index to 62 estuaries in Natal (Ramm 1990) revealed that only 21 % fell in
the categories of relatively undegraded and slightly degraded, while 79 % were either
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Figure 1.1 : Condition of Cape and Natal estuaries as reported in various studies (Begg
1978; Heydorn 1988; Ramm 1990).
The results of the most recent assessment of the condition of South African estuaries (Whitfield
1995) are shown in Table 1.2. Although this assessment finds that 60% of South African
estuaries are in a good or excellent condition, it should be noted that this is primarily due to the
large number of estuaries in an excellent/good condition which are located in the former
Transkei region and were therefore not considered in previous assessments. For comparative
purposes, Whitfield's (1995) assessment of Kwa-Zulu-Natal estuaries yields 48 % in a fair
condition, 26 % in a poor condition, 25 % in a good condition, while only one estuary out of
a total of 73 was considered to be in an excellent condition.










































1.4 Key processes maintaining estuarine environments
While the popularity and recreational value of estuaries is related strongly to both the
aesthetics and variety of recreational opportunities afforded by the coastal environment, the
value of estuaries as ecosystems is more strongly linked to key physical processes occurring
within the estuarine environment. Given the functional interdependence of estuaries and the
adjacent environments referred to previously, processes which maintain an open mouth, or at
least intermittent contact with the sea are therefore critical to the functioning of estuaries. Other
processes such as nutrient cycling and flocculation, important for the maintenance of a
productive environment occur as a result of the mixing of sea water with freshwater (McLusky
1981; Ketchum 1983; Kennish 1986). Freshwater inflow is therefore equally important,
maintaining salinity gradients as well as keeping the range of salinity within limits and supplying
nutrients, trace metals and organic matter. This section consequently focuses on tidal exchange
and freshwater inflow as the key processes maintaining the estuarine environment.
(i) Tidal exchange
Tidal exchange is the movement of seawater into the estuary through the mouth during flood
tides and the subsequent outflow seawards during the ebb tide. In addition to regulating the
exchange of water, dissolved solids and suspended material between estuaries and the sea,
tidal exchange is an important factor regulating the stability of the mouth (Day 1981b;
Reddering 1988a,b). In particular, sediment loads of the flood tide play a critical role in
mouth stability. The sediment load of flood tide water is in turn determined by coastal
hydrodynamics and sea wave characteristics. When flow velocity into the estuary is reduced,
the sediment load is deposited, resulting in an accumulation of sand on floodtide deltas.
Subsequent ebb tides scour the deposited sediment, transporting it into the marine
environment. When the rate of scouring of the mouth by tidal action is exceeded by the rate
of deposition by wave action, sediment accumulates as a bar across the estuary mouth (Day
1981b; Reddering 1988a,b). The sand bar is removed by the erosive energy associated with
a spring flood tide or by high fluvial flow velocities arising from a flood event.
(ii) Freshwater inflow
Although there is evidence suggesting some of the detritus supporting the typically extensive
macrobenthic communities is produced within the estuary, freshwater inflow into an estuary
no doubt supplements autochthonous production with nutrients and additional detritus (Day
1981c; Whitfield 1983). Furthermore freshwater inflow is a primary factor giving rise to the
spatial variation in salinity, considered by many to be one of the definitive features of
estuaries. Others have suggested that freshwater outflow provides valuable cues to the
marine environment, enabling migration of catadromous species and recruitment of juveniles
of many species offish and invertebrates (Snedaker, de Sylva & Cottrell 1977). Recent
findings indicate a more direct role, suggesting that the presence of strong longitudinal
salinity gradients is a fundamental factor in determining the extent of recruitment of juvenile
marine fish into estuaries (Whitfield 1994b).
The importance of freshwater inflow is possibly most apparent in the role it has in
establishing and maintaining a free connection with the sea. Reddering (1988a,b) has shown
that the channel dimensions of southeastern Cape estuaries are determined inter alia, by the
flood discharge characteristics of the river. Reddering (1988a,b) suggests that these
estuaries establish an equilibrium characterised by the flushing of tidally accumulated
sediment by episodic river floods. The importance of these processes has also been
highlighted in coastal ecosystems in KwaZulu-Natal (Quinn, Breen & Mander 1988).
1.5 Diminishing freshwater supply to South African estuaries
Earlier reviews of research needs identified diminished water supply to estuaries as a potentially
serious problem (Begg 1978; Noble & Hemens 1978). Recent droughts in parts of the
subcontinent have re-emphasised the need for research, and concerns about the effects of
reduced freshwater inflow into estuaries have been expressed in the literature (Reddering
1988b; Whitfield & Bruton 1989; Whitfield & Wooldridge 1994; Allanson & Read 1995). In
an assessment of surface water resource research needs in South Africa, the establishment of
minimum flow requirements for estuaries was also identified as a research priority (Cousens,
Braune & Kruger 1988). The findings of a national research programme on estuaries supported
these concerns and gave impetus to the recognised need for the development of methodologies
for determining the estuary freshwater requirements (Hay & Breen 1995).
The basis for the concern regarding diminished freshwater supply to estuaries is related to the
continually rising demand for water, given a spatially and temporally inequitable supply. Most
of South Africa (65%) receives less than 500 mm of rainfall annually and 21% receives less
than 200 mm, while the average annual rainfall for the whole region (497 mm) is considerably
less than the world average of 860 mm (Department of Water Affairs 1986). The growing
demand for assured water supplies has necessitated the construction of large storage dams and
several inter-basin transfer schemes. Numerous small agricultural dams, barrages and weirs
have also been built to sustain stock watering and irrigation requirements. Instead of being
available as streamflow to estuaries, water is stored and subject to consumptive losses,
including high evaporation.
Possibly more significant than the loss of additional streamflow (volume) due to impoundment,
is the alteration of the pattern of supply (volume & flow rate). Impoundments have the effect
of attenuating floodpeaks, and the extent to which this occurs depends on the capacity of the
reservoir and the characteristics of the particular flood event. As Reddering (1988a) has noted,
the equilibrium between successive periods of deposition by wave action and scouring by
episodic events can be readily disturbed by modifications in river discharge. If the scouring
potential of flood events is reduced by impoundment attenuation, it follows that estuaries may
open to the sea at a reduced frequency, thereby limiting the opportunity for key processes
necessary for maintaining estuarine habitats to occur. Begg (1978) has argued that closure of
the estuary mouth in KwaZulu-Natal estuaries has become an artificial norm, and furthermore
that this often occurs at the most critical time for inshore spawning of estuarine dependent fish
species.
Whitfield and Wooldridge (1994) have presented a summary of the likely responses of a typical
estuarine system along the Eastern Cape coast of South Africa in response to differing
freshwater supply regimes (Figure 1.2). The nett consequence of reduced freshwater inflow for
these systems is a state of low variability and low diversity.
NATURAL REGIME
(Pristine river catchment with
unimpeded flow into estuary)
Perennial flow with
periodic river flooding.
Natural scouring of the estuary.
Estuary mouth usually open.
Salinity normally 0.5-35 g.kg"'





(Excessive damming and extraction
of freshwater from catchment)
Intermittent flow with
less frequent river flooding.
Reduced scouring efficiency.
Increased frequency and duration
of estuary mouth closure.
Salinity frequently > 35 g.kg'
Primary production mainly in
the water column with a rapid
turnover of phytoplankton.
Emergent and submergent plants
present. High species diversity.
Peak production of zooplankton.
Complex foodweb has strong links
with the water column.
Freshwater, estuarine and marine
species well represented.
Benthic plant production may
exceed phytoplankton production.
Oligohaline plant species absent.
Reduced species diversity.
Zoological state
Low production of zooplankton.
Foodweb mainly benthic associated.






High degree of variability
and diversity.
Degenerated into a state of low
variability and reduced diversity.
Estuary remains in this state
for protracted periods.
Figure 1.2 : Flow chart summarizing broad hypotheses arising from different freshwater
supply regimes and estuarine response in a typical tidal Eastern Cape estuarine
system (Whitfield & Wooldridge 1994)
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1.6 Recent policy developments
Environmental issues have achieved greater prominence in international affairs in recent years,
peaking in 1992 with the United Nations Conference on Environment and Development (the
'Rio Earth Summit') and the associated Rio Declaration. One of the major highlights of the
Earth Summit was the opening for signature of the Convention on Biological Diversity. The
objectives of the convention are "the comervation of biological diversity, the sustainable use
of its components and the fair and equitable sharing of the benefits arising out of the
utilization ofgenetic resources.'1''(Anon. 1994). More specifically, Article 10 of the Convention
requires that Contracting Parties "integrate consideration of the conservation and sustainable
use of biological resources into national decision making" and "adopt measures relating to
the use of biological resources to avoid or minimise adverse impacts on biological diversity".
Contracting Parties are also required to implement environmental impact procedures for
proposed projects which may have significant adverse effects on biological diversity, with a
view to avoiding or rninirnising such effects.
Although the signing of the Convention on Biodiversity by South Africa in 1994 exacts a
greater commitment to the sustainable utilisation of natural resources such as estuaries, South
Africa has been obliged to protect important estuaries since the signing of the Ramsar
Convention by the South African Government in 1975. The Ramsar Convention (Convention
on Wetlands of International Importance Especially as Wetland Habitat, 1971), was the first
of the modern global nature conservation conventions, with the primary purpose of preventing
the decline of wetland habitats (which includes estuaries and lagoons), and ensuring that they
remain ecologically viable (Matthews 1993; Simon 1993). The signing of the convention by
South Africa, committed the country to safeguarding and promoting the 'wise use' of the
nation's wetlands and estuaries. With the publication of the World Conservation Strategy in
1980 (IUCN 1980), conservation or 'wise use' came to be defined as "the management of
human use of the biosphere so that it may yield the greatest sustainable benefit to present
generations while maintaining its potential to meet the needs and aspirations of future
generatiom?''
South Africa has more recently embarked on a process aimed at developing a new
environmental policy. This has resulted in the publication of a draft Environmental Policy for
_
South Africa, which is currently open for discussion (Department of Environmental Affairs and
Tourism 1996). The Department of Water Affairs and Forestry (1996) has initiated a similar
process aimed at producing a new Water Act for the country, and has presented for discussion,
a summary of basic principles upon which the new Water Act will be based. A regional
initiative to develop policy for marine environmental conservation in KwaZulu-Natal has
recently been launched and a draft document (Anon 1996) is currently in circulation.
The draft Environmental Policy for South Africa stresses the importance of sustainable resource
management, with specific objectives to improve biodiversity conservation, ensure the sound
management of fragile ecosystems, and to integrate management and sustainable development
with utilisation of the marine coastal zone. A specific objective is to ensure the sustainable and
rational utilisation, conservation and management of water resources based on ecosystem and
community needs (Department of Environmental Affairs and Tourism 1996). The latter
objective is a key theme of the Water Law Principles (Department of Water Affairs and
Forestry 1996) whereby "the quantity, quality and reliability of water required to maintain the
ecological functions on which humans depend should be reserved so that the human use of
water does not individually or cumulatively compromise the long term sustainability of
aquatic and associated ecosystems". Indeed, it is intended this principle be specifically
enshrined in the law in that "the water required to meet peoples' basic domestic needs and the
needs of the environment should be identified as 'the Reserve' and should enjoy priority of
use."
1,7 Synthesis
Estuaries have come to be recognised for the diverse and unique plant and animal life endemic
to their environments and the vital role they play in supporting aquatic organisms which utilise
them as nurseries and feeding grounds. To a large extent, their efficacy in fulfilling these
functions is dependent on the maintenance of at least a periodically open connection with the
sea, allowing the exchange of nutrients, cues and organisms between the freshwater and marine
environments. Increasing demand for freshwater resources in South Africa has resulted in the
construction of impoundments with the consequence that freshwater flowing into estuaries is
attenuated with respect to both volume and peak flow characteristics. As most South African
estuaiy mouths are maintained in an open state by freshwater outflow, a reduction in outflow
_
generally results in an increase in the frequency and length of mouth closure periods, thereby
limiting biological potential of estuaries to fulfil the dimensions of habitat as defined in Section
1.2. The extent to which estuaries in certain regions of the country have already become
degraded, and the likelihood that this trend will extend to other regions as development
pressures increase, suggests that a conservation policy and associated management strategy for
the region's estuaries is an urgent priority. In addition South Africa has recently committed
itself to the conservation of biodiversity and the sustainable utilisation of natural resources.
New policy developments require that the water requirements of natural environments such as
estuaries are reserved; necessitating in turn, that the requirement of each estuary needs to be
specified. This thesis will contribute to addressing these needs by presenting a range of
techniques for determining the freshwater requirements of estuaries as well as a structured
framework for managing the freshwater flow to the nations estuaries.
1.8 Objectives and structure of the thesis
Given the needs identified above, the primary objective of this thesis is to develop a resource
management approach for estuaries, which is able to demonstrate ecological sustainability.
Demonstration of ecological sustainability requires the establishment of a direct link between
management action and the resultant functioning of an ecosystem in relation to the goal of
ecological sustainability. The second objective of this thesis is therefore to develop and
demonstrate these links. This in turn, requires the formulation of models representing the
current state of our understanding of components of estuarine ecosystems. The third objective
of this thesis is to assess the proposed management framework and associated models in
relation to the requirements South African resource managers as well as those of other nations.
It is hoped that in addressing the above objectives, a final objective will also be met. This
objective is to rise to the challenge set out in the Water Law Principles (Department of Water
Affairs and Forestry 1996), and develop a methodology for determining the freshwater
requirements of estuaries.
This introduction has illustrated the need to reconcile the expanding human utilisation of
estuaries, both direct and indirect, with their ecological value. The following chapter will
review past and current approaches to estuary management in South Africa and abroad,
particularly with regard to the freshwater requirements of estuaries. The purpose of the next
. _ _
chapter is to identify current management needs and will suggest an appropriate framework for
the integrated management of estuaries, illustrating the need for the development of predictive
capability in determining the freshwater flow requirements of estuaries. The subsequent three
chapters will focus on the development of several alternative modelling approaches which can
be used independently or conj unctively in defining the freshwater requirements of estuaries. The
three approaches are demonstrated in a case study of the Great Brak estuary in Chapter 6.
Chapter 7 presents a discussion of the utility of the three approaches, highlighting weaknesses
and identifying further development requirements. The final chapter revisits the management
framework identified in Chapter 2, providing recommendations for implementation and
identifies further research needs.
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2 APPROACH AND OBJECTIVES
2.1 International approaches to estuary freshwater requirements
Since the 1970's, growing concern has been expressed in the international literature regarding
the reduction of freshwater flow to estuaries, primarily in semi-arid regions such as Australia
and parts of the United States of America. This section highlights the problems of freshwater
flow reduction in these countries in particular, and briefly reviews approaches to the
management of estuary freshwater requirements.
2.1.1 Australia
Ruello (1973) suggested that the continued reduction of freshwater flow to Australian estuaries
would have a persistent adverse effect on stocks of the commercially important prawn,
Metapenaeus macleayi. hi a review of aquatic resource management in Australia, Bayly (1975)
reiterated this concern and endorsed Ruello's (1973) suggestion that cost-benefit studies and
impact assessments of water conservation and flood mitigation projects should also consider
the value of commercial and recreational fisheries. Ruello's (1973) concerns were highlighted
in a subsequent study (Glaister 1978), which found a direct relationship between discharge from
the Clarence River, New South Wales and the production of Metapenaeus macleayi. Staples
(1985) later showed that annual catches of the prawn Penaeus merguiensis in the Gulf of
Carpentaria were directly correlated with freshwater flow into the Gulf.
Pollution problems related to reduced freshwater inflow were also raised during the 1970's. hi
a study of the Hawkesbury estuary near Sydney, Wolanski and Collis (1976) showed that water
quality reaches unacceptable limits during dry weather periods as pollutants are not diluted and
removed by outflowing water. Connell, Bycroft, Miller and Lather (1981) later reported on the
impacts to the Fitzroy River estuary in Queensland due to the construction of a barrage
approximately 60 km upstream from the estuary mouth. The Fitzroy River is the largest river
system in Queensland, and one of the few permanent river systems in the state. In addition to
increasing the residence time of estuary water, construction of the barrage resulted in
substantial reductions in dissolved oxygen concentration and increases in nutrient and
chlorophyll a concentration during conditions of low discharge (Connell et al. 1981).
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Construction of two dams on the Gordon River in Tasmania for hydroelectric power
development resulted in the elimination of the estuarine underflow of salt water upon which
meromixis in three riverine lakes, thought to be the shallowest and most striking examples of
meromictic lakes in the world, are dependent (King & Tyler 1982). In addition variability in
inflowing water has been replaced by flow of almost invariant temperature and chemical
composition, characterised by higher summer flows and lower winter flows than those which
occurred under natural conditions (King & Tyler 1982).
According to Pigram (1991), the water resources of many of Australia's rivers are already
overallocated, and rivers in Australia have been regulated for irrigation, for stock, domestic and
industrial water supply, hydroelectric power generation, and even to exclude estuarine salt
water intrusion (McMahon & Finlayson 1991). McMahon and Finlayson (1991) suggest that
river regulation on the Australian continent has been characterised by a lack of knowledge
about the environmental consequences of this activity as well as an apparent lack of concern.
According to Brown (1995) between 1988 and 1994 at least six major enquiries into coastline
pressures in Australia identified a common set of environmental problems; declining fisheries,
degraded foreshores, diminishing water supplies, vanishing estuaries and polluted coastal
waters. In an assessment of the state of the marine environment in Australia, Zann (1995) lists
increased sedimentation, flow alteration, eutrophication and acidification due to drainage from
disturbed acid soils. Sixty-four percent of estuaries in New South Wales and 22% in Victoria
are considered to have poor water quality. Poor water quality and a reduction in habitat is
thought to be a threat to fisheries in 21 % of estuaries in New South Wales and 23% in Victoria
(Zann 1995). Coastal lakes, largely restricted to the densely populated south-eastern coastal
regions, are of particular concern. These systems, as well as the Peel-Harvey system in Western
Australia are subject to declining water quality and increased eutrophication due to reduced
tidal flushing. Loss of coastal saltmarshes and particularly, temperate seagrass beds has been
raised as a serious concern (Zann 1995).
The top five concerns raised in the assessment of the state of the marine environment in
Australia were; (1) declining marine and coastal water / sediment quality, particularly as a result
of inappropriate catchment land use practices, (2) loss of marine and coastal habitat, (3)
_
unsustainable use of marine and coastal resources, (4) lack of marine science policy and lack
of long term research and monitoring of the marine environment, and (5) lack of strategic,
integrated planning in the marine and coastal environments (Zann 1995). As the source of the
key marine environmental threats lie inland, integrated catchment planning is considered by
Zann (1995) to be "almost as important to the sea as it is to the land". Australia has formally
adopted integrated catchment management in several states (Mitchell & Hollick 1993), with
the inter-state Murray-Darling Basin Initiative (Blackmore 1995) perhaps being the most well
known. The Australian approach is based on extensive community participation and has yielded
considerable success (Mitchell & Hollick 1993; Blackmore 1995).
Of the three states comprising the Murray Darling Basin, Victoria was the first to initiate a
legislative and policy framework which most explicitly recognises the environment as a
legitimate user of water (McPhail & Young 1991). The 1989 Water Act permits the Minister
to allocate water for environmental puiposes in two ways. Firstly as a bulk entitlement which
may be granted as a volume, level of flow or a share of flow or storage, and secondly as a
licence for instream use of water. The latter would be issued to ensure that a storage facility's
capacity is managed to maintain the volume and timing of flow required for the purposes of
maintaining the downstream environment (McPhail & Young 1991). Furthermore, in new water
resource developments, the proponents must firstly estimate the potential impacts of the
proposed development on the environment and secondly determine the water requirements of
the downstream environment and include these in the design of the project (McPhail & Young
1991).
Recognising the need to address the environmental water requirements of aquatic ecosystems,
an international seminar and workshop on 'Water Allocation for the Environment' was
convened by the Centre for Water Policy Research (Pigram & Hooper 1991). The seminar
examined approaches to determining instream flow requirements as well as pricing mechanisms
to improve water use efficiency (Syme & Nancarrow 1991; Musgrave & Kaine 1991; Dudley
1991). The introduction of water markets and mechanisms for pricing water, feature strongly
in the subsequently formulated National Strategy on Ecologically Sustainable Development
(Department of Environment, Sport and Territories 1992).
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The National Strategy on Ecologically Sustainable Development (1992) sets out Australia's
policy objectives for water resource management, stressing the need to manage in an integrated
way, the quality and quantity of surface and groundwater resources, and the need to develop
mechanisms for water resource management which will maintain ecological systems while
meeting economic, social and community needs (Table 2.1). The National Strategy for
Environmentally Sustainable Development commits Australia to manage water allocations of
instream and floodplain ecosystems, and presumably includes the freshwater requirements of
estuaries, although this is not made explicit.
Table 2.1 : Objectives for water resource management in Australia's National Strategy for
Environmentally Sustainable Development (Department of Environment, Sport
And Territories 1992)
OBJECTIVE 18.1: to develop water management policies which are based on an integrated approach to the development and
management of water resources
Governments will:
• continue to encourage and support actions to develop and adopt an integrated catchment management approach to water
resources
• continue to improve coordinating mechanisms and policy initiatives for improved water resource management
• develop improved measures for effective public participation in development of water pricing and allocation policies and water
resource management measures
• introduce legislative and policy frameworks for the protection of aquatic ecosystems which are based on an integrated catchment
approach
• improve management of water allocations to ensure the maintenance of in-stream and floodplain environmental values, including
the development of more effective legal and policy frameworks
• finalise consideration of the national water quality management strategy, in particular those aspects dealing with concerted action
to address blue-green algal blooms
• have regard to the wide range of action recommended to achieve the overall objective of the national water quality management
strategy, this being sustainable use of the nation's water resources by protecting and enhancing their quality while maintaining
economic and social development
• consider the whole hydrological cycle in water management planning, including stormwater, waste waters and effluents
• have regard to the recommendations arising from the Industry Commission's report on water resources and waste water disposal
OBJECTIVE 18.2 : to develop and implement the most effective mix of water resource management mechanisms
Governments will:
• examine and determine within their jurisdiction, the most effective mix of water resource management mechanisms, including
appropriate pricing policies, regulatory measures, long term monitoring strategies, adequate research support, better
utilisation of existing infrastructure
• give thorough consideration of the range of technological, economic, environmental, and social factors when upgrading or
providing new infrastructure
• continue working within their own jurisdictions to review the operation of their water management sections
• continue to develop methodologies for the determination of environmental externalities into water pricing
• encourage more rapid adoption of water pricing structures, including where appropriate, complete pay-for-use tariff policies,
which more accurately reflect the price of delivery
• focus on improving water markets and mechanisms for introducing more comprehensive systems of transferable water
entitlements
• continue to pursue institutional reform of water agencies
• give consideration to ensuring that water agencies are given an opportunity to review particular types of land-use development
proposals of particular concern to them
• encourage further work on identification of sustainability research priorities for water resources and development of a national
strategy for water information management
• consider the feasibility of a national approach to establishing inventories on the condition and extent of wetlands, floodplains
and riparian ecosystems, as a basis for ensuring their long term protection
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In 1990, New South Wales initiated a State Rivers and Estuaries Policy, which incorporates
an Environmental Flows Strategy. The latter provides for a variety of mechanisms to maintain
the ecological integrity of rivers and downstream habitats, including storage operating rules,
environmental contingency allowances and environmental flow provisions for surplus and
unregulated flows (McPhail & Young 1991). The purpose of the contingency allowances is to
provide flexibility for environmental flow managers during regulated flow periods when
problems arise, for example, flushing to maintain water quality. If these problems do not occur
the unused contingency can be reallocated progressively to other sectors during the season as
risk to the environment declines (McPhail & Young 1991). The concept of environmental
contingency flows is being currently tested, and interim environmental allocations have been
announced (Department of the Environment, Sport and Territories 1996). Recently other states
in Australia have introduced environmental water allocations. For example South Australia has
prepared a 1995 State Water Plan which makes provision for water pricing, community
involvement and water allocations for the environment (Department of Environment, Sport and
Territories 1996).
2.1.2 United States of America
Gunter (1963) highlighted the significance of freshwater inflow to the productivity of estuaries,
describing the section of the Gulf of Mexico at the mouth of the Mississippi River as the "fertile
fisheries crescent" (Benson 1981). The importance of estuaries to fisheries was later
synthesised (Smith, Schwartz & Massman 1966), with McHugh (1966) and Copeland (1966)
stressing the potential consequences of flow reduction to estuarine fish productivity and
ecology, while Chapman (1966) showed a direct relationship between commercial catch data
and freshwater inflow for six Texas estuaries. The significance of freshwater inflow to estuaries
has been reemphasised with the recent publication of a review of the effects of river regulation
and diversion on marine fish and invertebrates (Drinkwater & Frank 1994).
According to Chapman (1977), the National Estuary Protection Act Study (U.S. Department
of the Interior 1970) was the first attempt to assess the problem of freshwater inflow reduction
at a national level, finding that although not a source of concern for all estuaries, it was
sufficiently serious to warrant further study. Of the 10 biophysical regions identified and
assessed, significant problems were identified in 6 of the regions; the Middle Atlantic,
__
Caribbean and south Florida, Gulf of Mexico, Pacific Southwest, Pacific Northwest, and the
Pacific islands. It was considered a less significant problem in Chesapeake Bay, the South
Atlantic regions and in Alaska (U.S. Department of the Interior 1970). During the early 1970's
several site specific studies focussed on the potential impacts of flow reduction, or documented
deteriorations in estuarine productivity (Chapman 1971, 1973; Cronin, Gunter & Hopkins
1971; Copeland, Odum & Cooper 1972; Gagliano, Kwon & van Beek 1972). hi response to
these studies, legislation enacted by the Texas Legislature in 1975 (Senate Bill 137) provided
a mandate for comprehensive studies of the effects of freshwater inflow to the bays and
estuaries of Texas (Martin 1987).
Chapman (1977) considered the most serious areas of concern to be Florida Bay, the Ten
Thousand Island Region near the Everglades, the Mississippi Delta, most of Texas estuaries
and San Francisco Bay. According to Benson (1981), the adverse effects of reduced inflow
have been noted in estuaries on the Atlantic and Pacific coasts and the Gulf of Mexico.
Problems along the Atlantic coast are primarily; poor water quality, increased sediment load
and modification of seasonal flow regimes. Diversion of water for irrigation and industry has
resulted in a reduction of inflow to Chesapeake Bay and other Atlantic coast estuaries, with a
corresponding increase in contaminants and sediments. Benson (1981) suggests that San
Francisco Bay perhaps offers the most striking example of the effects of freshwater flow
reduction, with inflow being half of natural volumes. Chapman (1977) urged coastal zone
managers and scientists to "determine how much freshwater is essential for each of our most
valuable estuaries, when it must be received, and what its quality must be", noting also that
"it is equally important, however, to document what values and benefits accrue by providing
such water to the coastal zone and what values and benefits will be lost if it is not provided".
hi the Second National Water Resources Assessment, approximations of the freshwater
requirements of estuaries were developed (United States Water Research Council 1978),
although Benson (1981) suggested that these needed to be refined if they were going to be used
to sustain estuarine resources effectively.
Benson (1981) reported on progress in solving freshwater inflow problems, as discussed at a
national symposium on freshwater inflow to estuaries (Cross & Williams 1981). Several multi-
institutional teams initiated research efforts focussed on important estuarine systems. For
_
example, at Chesapeake Bay the U.S. Army Corps of Engineers, the Environmental Protection
Agency, the U.S Geological Survey, the U.S. Fish and Wildlife Service as well as universities,
state and regional groups established a collaborative programme utilising the U.S. Army Corps
of Engineers' hydrodynamic model to evaluate the effects of altering freshwater inflow on
Chesapeake Bay salinities (Benson 1981).
The Texas Department of Water Resources initiated the development of several approaches
to determining the freshwater requirements of estuaries, a research programme which has
continued through until present times. Key developments are summarised below :
(i) Lambert & Fruh (1978)
Lambert and Fruh (1978) suggested a conceptual methodology, formulated as an open
structure into which available information and analytical techniques could be inserted on a
problem-specific basis (Figure 2.1). A particular requirement in the development of the
approach was that it was to be responsive to the ecologically-oriented freshwater
management goals for an estuaiy. The approach was tested using the Corpus Christi Bay as
a case study.
The first step (Step 0) was considered to be a policy step arbitrated by a public agency, and
requires the translation of an estuarine management policy into a set of management criteria.
For example the management goal for the Corpus Christi Bay System was stated as "the
fresh and saline water resources of the Corpus Christi Estuarine System shall be managed
in such a manner as to provide an estuarine environment conducive to the maintenance of
current estuarine fisheries " (Lambert & Fruh 1978).
The purpose of the second step (Step 1) is to determine the total net amount of freshwater
required to meet the ecological goals stipulated in the previous step, and represents
translation of qualitative policies into quantitative management criteria. Freshwater inflow
is considered to comprise river inflow, local runoff, direct precipitation and return flows, less
the evaporative losses. This step requires two tasks; (a) the identification of one or more
estuarine organisms as indicator organisms, and (b) the identification of one or more
environmental components which are responsive to freshwater inflows and to which the
_ _ _ _ _ _ —.
indicator organisms relate. Lambert and Fruh (1978) specify several additional criteria for
each of these tasks :
The environmental control component(s) should;
• be amenable to routine measurement with a time delay between sample
acquisition and analysis results less than the estuarine system response time,
• have a predictable effect upon the behaviour of the indicator organism(s), and
• be amenable to mathematical modelling
The indicator organism(s) should;
• be responsive to the environmental control components(s),
• be in some way indicative of the desired biological state of the estuary, and
• be useable as an indicator without extensive, complex or costly procedures.
In the implementation of the case study only a single organism, the spotted seatrout
{Cynoscion nebulosiis) and one environmental control component were selected, due to the
limited availability of biological data. Available information indicated that salinity should not
exceed 27 g.kg"' for this species during the spawning season. Available hydrodynamic
models were utilised to demonstrate that an average net flow of 5.7 m3.s"' between the
months of April and September would be required to satisfy the salinity constraint. This step
is obviously reliant on the availability of suitable models which permit evaluation of the
behaviour of environmental control component under a wide set of freshwater inflow
conditions. Lambert and Fruh (1978) suggest several criteria for the selection of such
models.
The third step (Step 2), requires the input of available climatological, hydrological and
demand information into a systems model of the supply area, minimum criteria for which are
also provided by Lambert and Fruh (1978). The control variables of the systems model are
then manipulated according to assumed or prescribed operation plans. The freshwater flow
requirement then becomes part of the operational constraints, and the capability of the flow
scenario to meet the policy requirements identified in the first step is measured by the
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Figure 2.1 : Freshwater release schedule planning sequence containing the freshwater
methodology (Lambert & Fnih 1978)
The final step again occurs under the arbitration of a public agency and requires a set of
specific feasibility criteria against which the freshwater release schedules are evaluated, such
as the risks associated with associated freshwater storage levels or the desired operating
levels of upstream reservoirs. If the release schedules are considered acceptable they become
the basis for management. Alternatively a re-evaluation of the original ecological goals and
feasibility criteria would be required. The planning process becomes iterative until
ecological and impoundment operating goals are achieved.
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The implementation of the approach for the Corpus Christi system indicated that a
substantial increase in the freshwater allocation to the estuary, while reducing storage in
Lake Corpus Christi over a monthly, summer average and two-summer running average
basis, would not result in a significant increase in persistent system stress and would
maintain the spotted seatrout fishery. The final step (Step 3) was not implemented in the
case study as adequate, quantified feasibility criteria were not available.
Although the use of a single control variable and single indicator organism was considered
unacceptable for actual flow management, the study demonstrated a feasible methodology
in addition to raising several important research needs. In particular a rational method for
negotiating environmental goals for estuaries was suggested (Lambert & Fruh 1978).
(ii) Texas Department of Water Resources 1980a,b; 1981a,b,c; 1982; 1983
In response to the mandate of the Texas legislature, several studies of Texas estuaries were
undertaken over a six year period during the late 1970's and early 1980's , with the purpose
of determining the effects of reduced amounts of freshwater inflows due to existing and
proposed inland reservoirs (Funicelli 1984; Martin 1987).
These studies addressed several approaches to assessing the effects of freshwater inflow,
namely; the responses of key species, impact on the commercial fishery harvest; effects on
nutrient inflow and innundation of deltaic marsh (Funicelli 1984). In these studies the
physical, chemical and biological factors were empirically related (Martin 1987). For
example, the anticipated flow reduction could be related to an anticipated increase in
salinity, which could then be assessed in relation to the salinity preferences for the key
species under consideration. Similarly, the availability of datasets relating inflow to
harvesting enabled regression relationships to be developed which could then be used to
determine the anticipated net reduction in harvest. These studies resulted in 19 statistically
significant regression equations that related to eight harvest groups (shellfish, all penaeid
shrimp, white shrimp, blue crab, oyster, finfish, sported seatrout and red drum) (Funicelli
1984). As noted by Funicelli (1984), the additional advantage of the latter approach is the
immediate transition from inflow reduction to economic impact.
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(iii) Martin (1987)
Recognising the need for a more integrative approach, Martin (1987) reviewed the available
studies (Texas Department of Water Resources 1980a,b; 1981a,b,c; 1982; 1983) and using
components of previous approaches, presented a optimisation model for determining










Figure 2.2: Schematic diagram of a methodology for estimating estuarine freshwater inflow
needs under a management alternative (after Martin 1987).
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The methodology is based on the analysis of six basic databases and the development of
statistical relationships between the key indicator parameters of salinity, commercial fishery
harvests and marsh innundation, and historical monthly and seasonal freshwater inflows. The
estimated freshwater inflow needs are then determined by finding the 12 monthly inflow
values from each of the major river basins which then either minimises the total annual
inflow or maximises the annual fisheries harvest, subject to the constraints on average
monthly salinities, annual commercial fisheries harvests, and monthly inflows (Martin 1987).
The problem was usually constructed as a non-linear programming problem and solved
either by a steepest descent, gradient algorithm, or the GRG2 nonlinear programming
algorithm (Lasdon et al. 1980). Having determined an initial estimate, the flow regime is
then routed through a one-dimensional transport and mass balance model to determine
whether the inflowing freshwater will result in acceptable salinity distributions throughout
the estuary. If not, initial estimates are revised and the process is repeated (Martin 1987).
(iv) Tung, Bao, Mays and Ward (1990)
Recognising the limitations of Martin's (1987) approach, Tung, Bao, Mays and Ward
(1990) presented a revised methodology for determining the freshwater requirements of
Texas estuaries. According to these authors the weaknesses of Martin's (1987) approach
were; (1) the nonlinear aspects of the problem were suppressed by linearisation of all
constraints, (2) the full multiobjective nature of the problem, e.g. minimisation of inflow and
maximisation of harvest, was not considered, and (3) regression equations with considerable
statistical uncertainty were used as deterministic constraints in the linear programming
model.
In order to overcome these limitations Tung et al. (1990) developed a method using chance
constraints in a nonlinear programming model to explicitly account for the uncertainty in the
salinity regression equation. The methodology was applied to seven major estuaries along
the Texas coast and in addition to providing revised freshwater inflows, demonstrated the
associated achieved reliabilities for the salinity and harvest constraints. The latter is
significant in that this term reflects the combined effect of uncertainty in regression
equations, range of salinity bounds and any other constraints (Tung et al. 1990). However,
the authors recommended that an alternative approach to the use of salinity regression
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equations be sought. The reason for this is that the equations do not represent the complex
hydrodynamic processes which give rise to spatial and temporal variations in salinity. These
processes, representing the interaction of tides, currents, winds and advection / dispersion
contribute to the high variance about the regression, giving rise to large uncertainty in the
dependence of salinity on inflow and consequently the low achievable reliability. Although
the authors suggested that the approach could be extended to consider the multiobjective
nature of the problem, this was not undertaken in their study.
(v) Bao and Mays (1994a,b)
In subsequent approaches, Bao and Mays (1994a,b) interfaced a nonlinear programming
optimizer in an optimal control framework, with a hydrodynamic transport model to
implicitly solve the hydrodynamic-salinity constraint equations for salinity levels. Previous
approaches thus treated salinity on a steady state basis, whereby seasonal variation in salinity
was accommodated by subdividing the year into several seasons and solving the steady state
problem separately for each season. In the revised approach the salinity regression equations
are replaced by a two-dimensional hydrodynamic transport model to simulate circulation and
spatio-temporal variability in salinity. Application of the approach to the Lavaca-Tres
Palacios estuary indicated an improvement over the previous approaches (Martin 1987;
Tung et al. 1990), as the Tung et al. (1990) model was found to underestimate the minimum
annual optimal flow for low reliability values and overestimates the annual total flow for
high values.
(vi) Zhao and Mays (1995)
Zhao and Mays (1995) present a new approach based on discrete-time stochastic linear
quadratic control. The feedback-control model enables decision makers to determine the
upstream reservoir releases immediately subsequent to measurement of salinity and nutrient
levels at specified locations in the estuary. Optimal upstream reservoir releases are
determined so that the salinity and nutrient levels at these locations are as close as possible
to the prescribed levels for the remaining months, as determined by statistical expectation.
The approach was demonstrated for the Lavaca-Tres Palacios estuary, providing managers
with a real time tool for the management of releases from impoundments in the system.
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Texas estuaries have been the focus for the development of techniques for determining the
freshwater requirements of estuaries, and are the subject of a continuing multi-institutional
research programme (Jensen 1994; Gerston 1995). Elsewhere in the United States, the focus
of estuary management has been the 28 estuaries designated as 'Estuaries of National
Importance' (as of June 1995). The National Estuary Program was established by Congress in
1987 to protect and restore the health of estuaries while supporting their economic and
recreational values (Gerston 1995). For each estuary a Comprehensive Conservation and
Management Plan is developed, and addresses the following areas;
water and sediment quality, focussing on pollution abatement and control,
• living resources, including restoration as well as protection of special habitat areas, and
land use and water resources, using regulatory and non-regulatory means to conserve
land and water (US Environmental Protection Agency 1992).
The first five years of the National Estuary Programme ended in 1992. The progress report (US
Environmental Protection Agency 1992) outlines the priority problems for the then 17 estuaries
of national significance, to be addressed in the subsequent phase. Figure 2.3 shows the location
and characteristics of these estuaries and Table 2.2 summaries the priority problems in each
estuary. Freshwater inflow related problems are highlighted for emphasis.
As indicated in Table 2.2 below, hydrological modifications of freshwater inflow are of
particular concern in the case of the San Francisco Bay / Sacramento - San Joaquin Delta
estuary. According to the San Francisco Estuary Project (1993), aquatic resources in the
estuary have declined considerably due to prolonged drought and large diversions of
freshwater. However, as a consequence of the complex configuration of the Delta and estuary,
as well as the complex withdrawal and diversion network, it is not possible to measure
freshwater discharge into the estuary directly. Recognising the need to identify a management
index which is based on the response of the estuary to fluctuations in the input of freshwater,
the San Francisco Estuary Project convened a series of workshops. In addition to this need,
additional attributes were identified, such as; the need for the index to be simple and
inexpensive to measure accurately, the index should integrate a number of important estuarine
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Figure 2.3 : Location and characteristics of the 17 estuaries in the National Estuary
Programme (US Environmental Protection Agency 1992)
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Table 2.2 : Priority issues in each of the 17 estuaries in the National Estuary Programme























• declines in fisheries productivity • health of aquatic resources
impairment of nursery area function • eutrophication
* anoxia-related fish kills • habitat loss
shellfish closures • changes in distribution of bottom dwelling organisms
* pathogen contamination • toxic contamination
increasing nitrogen
hypoxia • toxic contamination
pathogens • floatable debris
living marine resources
• management of fisheries • nutrients
impact of toxic contaminants • health and abundance of living marine resources
recreational uses • health risk to consumers of contaminated seafood
land use
control sources of toxic substances • cleanup of toxic substances where sources are controlled
* increase protection of shellfish beds * protect and stop loss of wetlands and other aquatic habitats
• support long term research • improve control and cleanup of non-point source pollution
* continue and maintain established programs • support and improve public improvement and education
prevent spills and enhance response capability
decline of biological resources • increased pollutants
dredging and waterway modification • freshwater diversions and altered flow regimes
intensified land use
water quality • habitat
Water Supply • living resources
nutrient over-enrichment * loss and alteration of habitats
land-use planning
reduction / alteration of living resources • public health issues
shoreline erosion • water resource management issues
pathogen contamination • floatable debris
toxic contamination • nutrient and organic enrichment
habitat loss and alteration / living resources
loss and degradation of wetlands - human health risk from eating contaminated seafood
human health risks associated with disease-causing pathogens in the surfzone
impact of pollution on the benthic (bottom-dwelling) community
impact of pollution on the pelagic (open-ocean) community
decline in water quality • stormwater and wastewater
habitat loss * decline in finfish and shellfish populations
inadequate and inconsistent public access and overuse of resources
hydrological modification • reduced sediment flows
habitat loss and modification • changes in living resources
eutrophication • pathogen contamination
toxic substances
toxic waste • lack of enforcement
nutrients • bacteria
combined sewer overflows • balancing economic development with environmental protection
increased nutrient loadings • increased suspended matter loadings and sedimentation
• lagoon circulation • loss of seagrass beds and increased stress on remaining beds
increased levels of pathogens * increased input of toxic substances
loss of emergent wetlands and their isolation from the lagoon
toxics • bioaccumulation of toxics
pathogen contamination • water quality
* habitat loss and modification • sea level rise
• water quality deterioration / eutrophication • loss of habitat, including seagrasses and emergent vegetation
lack of community awareness • lack of agency coordination and response
circulation and flushing • hazardous / toxic contamination
• increased user conflicts between various recreational activities, industrial and navigational needs, and urban development
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Salinity emerged as the most appropriate index for several reasons, namely; (1) salinity
distribution is of direct ecological importance to many species, (2) salinity distribution is the
result of the interplay of freshwater input, geometry of the estuarine basin, tidal regime and
diversion of freshwater in the Delta , and (3) salinity measurements can be taken accurately,
directly and economically (San Francisco Estuary Project 1993). Empirical statistical
relationships between the position of the near-bottom 2%o isohaline and various estuarine
components have been developed, and show that the further downstream the 2%o isohaline is
displaced, the greater the abundance or survival of most species examined (San Francisco
Estuary Project 1993; Powell 1995).
As a consequence the San Francisco Estuary Project (1993) recommended that standards
should be developed using an index that establishes an upstream limit of the 2%o near-bottom
isohaline, averaged over different periods of the year, and furthermore that the downstream
position of the 2%o isohaline should not be constrained. The position of the 2%o isohaline is
considered to be a powerful diagnostic indicator of the condition of ecosystem components
across a range of different trophic levels, and a sensitive indicator of the estuarine communities
response to freshwater inflow (San Francisco Estuary Project 1993; Powell 1995). Moreover
preliminary analyses indicated that errors in prediction using models which incorporate only the
position of the 2%o isohaline were comparable to errors using more complex models with
additional flow related variables (San Francisco Estuary Project 1993).
However recognising that estuarine structure and functioning are not simply a function of the
instantaneous salinity distribution, the San Francisco Estuary Project (1993) identified the
ultimate goal of a predictive model which incorporates the position of the 2%o isohaline and
other appropriate physical and biological variables. The recommended approach was to
formulate a matrix of the existing state of knowledge of the responses of a variety of estuarine
organisms and communities as well as estuarine properties and processes, as one axis and the
location of the near-bottom 2%o isohaline as the other. A preliminary list of potential ecosystem
components is shown in Table 2.3 below (San Francisco Estuary Project 1993).
31
Table 2.3 : A preliminary list of diagnostic estuarine properties and communities to be
included in the salinity and flow-response matrices for different biologically
important periods of the year (San Francisco Estuary Project 1993).
ESTUARINE PROPERTY OR COMMUNITY











Fates and effects of toxins




Organic carbon as food
Planktonic / neritic crustaceans













• Estuarine spawners • Anadromous species
Euryhaline marine species
Marsh and mudflat communities
Plant species • Mammal species
Migrating, transient, and resident waterfowl; shorebirds, raptors, and passerine species
Amphibian and reptilian species • Invertebrate species as prey
The Bay-Delta Accord sets out a framework for the current management of freshwater inflow
to the estuarine system and includes components of real-time management, consensus building
and adaptive management (Okamoto 1995). The latter approach provides increased flexibility
in water resource management in that rather than imposing a fixed standard and continuous
limit on, for example, export pumping, water managers are given an annual budget and
biological goals (e.g. to double the salmon population). Thus while salmon are present in the
system, pumping may drop below previously mandated limits, whereas when salmon are not
present pumping may exceed diversion limits.
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In addition to the research conducted within the National Estuary Programme, the US
Environmental Protection Agency (1993) is conducting a regional survey of the condition of
estuaries (EMAP Estuaries). The survey, due for completion in 1997, assesses water quality,
marine debris, water quality, fish health, benthic health and sediment quality.
2.1.3 Estuary freshwater reductions in other countries
As is the case with Australia and the United States, problems associated with reductions in
freshwater flow to estuaries have emerged in other regions of the globe. For example as noted
by Petts (1984), increased penetration of salt water due to reduced freshwater flow has been
reported for the Zambezi estuary in Mozambique (Hall, Valente & Davies 1977), as well as the
Dnieper estuary in the former Soviet Union (Zalumi 1970). Rozengurt (1991) suggests that
dam construction in the southern regions of the former Soviet Union has resulted in a reduction
in inflow to the estuaries and nursery areas of the Azov, Caspian and Black Seas of between
30% and 97%. Brackish water ecosystems associated with the Black Sea have been lost due
to significant changes in the hydrology of the Danube, Dnepr, Dnestr, Don and Kuban rivers,
resulting in a decrease of 90% to 98% in the catch of commercially viable species (Rozengurt
1991).
Construction of impoundments has resulted in a significant change in coastal hydrographic and
circulation patterns associated with the Nile delta in Egypt and the St Lawrence estuary in
Canada (Petts 1984). hi the case of the latter, the seasonal variation in the halocline, the
seasonal temperature budget of both the estuary and nearshore zone, as well as nutrient supply
and marine fish reproduction have been effected (Neu 1975; Petts 1984). In the former,
sediment supply to the Nile was reduced from approximately 150 x 106t.yr"' to almost nil,
causing shoreline erosion and resulting loss of habitat and an 80 percent reduction in fish
harvest subsequent to the construction of the Aswan High Dam. Similar problems are reported
for the Indus River in southern Asia, as well as some large African rivers (Halim 1990).
Frempong (1995) has noted a decrease in fisheries in the coastal lagoons associated with the
Volta delta in Ghana, attributable to the construction of the Akosombo dam on the Volta river.
Fennessy, Forbes, Schleyer, Fielding and Robertson (1997) recently reviewed the effects of
river regulation on prawn fisheries. These authors noted that Da Silva (1985), Gammelsrod
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(1992) and Hoguane (1997) have all emphasised the importance of outflow from the Zambezi
in maintaining prawn populations on the Sofala Banks off central Mozambique. Correlation
between river flow patterns and prawn catches have been observed, and it has been shown that
flow regulation by Cahora Bassa dam has had a distinguishable, negative effect on both prawn
abundance and the size structure of prawn catches. Hoguane (1997) however, predicts that
managing water release timing appropriately could increase off shore prawn population by
20%. Fennessy et al. (1997) raise similar concerns regarding the proposed construction of
impoundments on the Thukela river, South Africa, suggesting that prawn fisheries on the
Thukela Banks, are likely to be adversely impacted.
hi an assessment of the 45 countries listed in the University of Rhode Island's Coastal Resource
Centre (CRC) Database of Coastal Management, as at November 1996,12 nations were found
to have coastal management programmes which address reduction in freshwater inflow in some
way. These nations are Albania, Australia, China (Jiangsu Province), Comoros, Ecuador,
Mexico, Mozambique, Oman, Portugal, Thailand and the United States.
2.2 A brief history of estuarine freshwater requirements in South Africa
(i) Commission of Enquiry into the threat to St Lucia (1964 -1966)
Acknowledgement of the freshwater requirements of estuaries in South African can be traced
to the St Lucia Commission of Enquiry (Kriel 1966), set up to investigate the "alleged threat
to plant and animal life in St Lucia Lake'" (Crass 1982). As a consequence of reduced inflow
under drought conditions, salinity in the lake during the late 1950's and early 1960's had risen
to the extent that public concern resulted in the matter being raised in Parliament (Crass 1982).
The St Lucia Commission of Enquiry (Kriel 1966) recognised two primaiy needs, namely the
supply of sufficient freshwater to the Lake and the maintenance of an adequate link with the
sea. More specifically, the Commission recommended that 35% of mean annual runoff be
reserved for the Lake from any storage scheme that might be built in the catchment, and that
additional water be transferred from the Pongola catchment. With regard to the maintenance
of an adequate link with the sea, it was recommended that the dimensions of the estuary
channel be doubled (Crass 1982).
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(ii) Commission of Enquiry into Water Matters (1970)
Although the Commission of Enquiry into Water Matters (1970) recommended that in planning
water resources development, provision be made for the reasonable needs of nature
conservation, it was stressed that a thorough study would be required to ensure that water
would not be wasted (Department of Water Affairs 1986). The only two 'nature conservation'
areas which were identified were the Kruger National Park and Lake St Lucia, with a total
water requirement of 220 x 106 m3 per year, extending to 290 x 106 m3 per year by the turn of
the century, representing one percent of the then estimated total water requirement of South
Africa (Department of Water Affairs 1986).
During the late 1960's, McHugh (1968) expressed concern regarding the consequences of
diminished freshwater flow to estuaries along the Gulf of Mexico, stating that 'reduced runoff
could be the most crippling blow " to estuarine systems. Similarly in South Africa, the role of
freshwater in the conservation of estuaries was stressed by Grindley (1970), at the 1970 Water
Year Convention on Water for the Future.
(iii) First attempts at quantifying estuary freshwater requirements
The concept of allocating a proportion of runoff from all catchments to estuary management
was first introduced to the engineering and water resource development community in 1983
(Roberts 1983). In projecting future national water demand, Roberts (1983) made allowance
for the requirements of estuaries, wetlands and nature conservation, suggesting a figure
amounting to 11% of the estimated total water requirements of all sectors in the year 2000.
Acknowledging that the initial estimate was simplistic, Roberts (1983) urged engineers and
scientists to undertake research to refine his estimate (King & Tharme 1993).
The first regional assessment of estuary freshwater requirements was produced three years later
(Jezewski & Roberts 1986). These estimates were based on two separate components; a
flooding requirement and an evaporative requirement. The former was considered necessary
to open temporarily closed estuaries, flood wetlands and to flush out accumulated sediment,
while the latter was considered important to counter the loss due to evaporation, thereby
preventing the occurrence of hypersalinity in the estuary (Whitfield & Wooldridge 1994).
Estimation of the flooding requirement was almost four times the evaporative requirement and
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was considered to be less accurate than the estimate of the evaporative requirement, leading
the Department of Water Affairs (1986) to recommend that future research would have to
concentrate on refining these estimates in particular.
Rather than being annual allocations of freshwater to estuaries, these estimates were compiled
to provide better predictions of runoff available for utilisation and were incorporated into the
review of South African water resources (Department of Water Affairs 1986). According to
the Department of Water Affairs (1986), the then estimated total freshwater requirement of
estuaries and lakes (Table 2.4) amounted to 5 % of the virgin MAR of rivers, and was
anticipated to represent as much as 15 % of the utilisable resource. Total water required for
environmental management (including nature conservation) was estimated to reach 2 954 x 106
m3 per year by the year 2000, comprising approximately 13 % of the total demand, and
representing almost 10 times the amount originally estimated by the Commission on Water
Affairs in 1970.
Table 2.4 : Estimated water requirements of estuaries and lakes in South Africa and the













































In recognising estuaries as valid 'users' of water the Department of Water Affairs (1986) also
raised the interesting contention that not all estuaries are equally important, arguing that "it
may be found that certain estuaries have little ecological value and enjoy low priority when
water is scarce, whilst others would be regarded as being so important that they would be
allocated water in almost any circumstances. " Furthermore the Department of Water Affairs
(1986) recognised that the requirements indicated in Table 2.4 are in competition with other
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demands, suggesting that it may not be possible to meet the management demand of each
estuary and that "benefits would have to be weighed carefully against water use in each case".
(iv) Improved estimates of estuary freshwater requirements
During the early 1990's the Department of Water Affairs and Forestry reaffirmed its
commitment to establishing the water requirements of the environment (Department of Water
Affairs and Forestry 1991a) and commissioned a number of studies to more accurately
determine the freshwater requirements of certain estuaries (e.g CSIR 1992a, 1992b, 1992c).
The principal methodology utilised in these approaches was to convene a workshop of
interested parties, and particularly experts, in various aspects of estuarine dynamics and
ecology. Through a discussion of issues, participants would aim to converge on a preliminary
estimate, providing recommendations in the form shown in Table 2.5 below.
Table 2.5 : Summary of the conclusions and recommendations of a workshop to determine














1. Seasonally open mouth
(approx. 25% open)
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1. Maintenance of character:
importance in regional
context is unkown.
2. Water level (upstream
salinities)





3. Research into regional
importance
During this period pioneering research on the response of estuarine macrophytes to freshwater
was being undertaken (Adams 1992; Adams, Knoop & Bate 1992; Adams & Talbot 1992),
culminating in an assessment of the importance of freshwater in the maintenance of estuarine
plants (Adams 1994) and a decision support system for determining the freshwater
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requirements of estuarine plants (Adams & Bate 1994). Through funding made available by the
Water Research Commission, the work leading to the methodologies outlined in this thesis was
also initiated.
(v) Current South African approaches to the management of freshwater inflow
The current approach to the management of freshwater inflow to South African estuaries is best
illustrated by an examination of the Great Brak estuary, arguably the most successful example
of estuary management in South Africa. The Great Brak estuary is located approximately
halfway between Mossel Bay and George on the southern Cape coast (Figure 2.4). The estuary
has an area of approximately 79 ha while the total catchment of the Great Brak river extends
to 200 km2 (Figure 2.5), with an average annual runoff of approximately 37xl06m3 per annum
(CSIR1990). The Wolwedans Dam was completed in 1989, and was constructed with the main
Figure 2.4: Aerial photograph of the Great Brak estuary (CSIR 1990). Inset shows location
of the Great Brak estuary (Morant 1983).
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Figure 2.5 : Catchment of the Great Brak estuary showing rivers and the approximate
location of the Wolwedans Dam {after Morant 1983).
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purpose of supplying water to the Mossgass plant1, and to supplement the growing water
demand for the Mossel Bay region. Prior to construction, the water resources of the Great Brak
river were largely unexploited, while currently 65% of the mean annual runoff is impounded
(CSIR 1990).
According to Morant (1983), even prior to the construction of the Wolwedans Dam, normal
flow to the estuary had been significantly reduced by afforestation, the damming of small
tributaries for irrigation, and the building of larger dams such as the Ernest Robertson Dam
(Figure 2.5). For example, along the Varing river alone there are six irrigation dams (Morant
1983). Afforestation was initiated as early as 1911, and approximately one third of the
catchment is currently afforested. The cumulative effects of changing land use and streamflow
attenuation by dam construction are shown in Figure 2.6 (CSIR 1990).
Subsequent to the announcement that the Wolwedans Dam was going to be constructed the
Department of Water Affairs established a steering committee (Great Brak River Environment
Committee (GEC)), with the specific aim of investigating the effect of the dam on the Great
Brak estuary, and to establish an effective estuarine management plan for optimal use of the
the water allocated for estuary purposes (CSIR 1990). In providing an allocation to the estuary
a preliminary report by the Department of Water Affairs (DWA 1988/89), indicated that;
• an amount of 1 x 106 m3.yr"' would be sufficient for the estuary,
• any further needs would be met during normal and above normal (wet) years when
occasional overflow of the dam would occur,
• during dry years only the evaporative losses of the estuary would need to be met, and
• the capacity of the outlet works would provide the possibility of flushing the mouth of
the estuary from time to time (CSIR 1990).
The subsequent investigation comprised studies of estuarine hydrodynamics, water quality and
sedimentation as well as elements of the estuarine ecosystem including the distribution of
vegetation and benthic fauna. The study on estuarine hydrodynamics concluded that the estuary
mouth would be closed more often and for longer periods, resulting in higher water levels in
The Mossgass plant converts natural gas into fuel from gas reserves located below the Indian Ocean seabed, approximately
85km off-shore from Mossel Bay (Department of Water Affairs 1991b)
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the estuary which would be subject to higher evaporative and seepage loss (CSIR 1990). The
ecological study (CSIR 1990) concluded that;
• the ecosystem is in a fairly stable condition
• an open mouth is the most beneficial factor for maintaining estuarine ecology
• salinity in the estuary should be maintained between 7 and 40 g.kg"'
• water levels in excess of 1.22 m (MSL) for extended periods should be avoided.
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Figure 2.6 : Exceedance curve based on simulated annual run-off for the period 1920 to
1983. The three curves indicate the relative effects of land use change as well
as the attenuation effects of the Wolwedans Dam (CSIR 1990).
Water quality was expected to decline due to less dilution and reduced flushing, leading to
eutrophication and periodic oxygen depletion. However this assessment was based on the lack
of an effective sewage system in the town of Great Brak, and consequently it was
recommended that a new sewage system be constructed, A socio-economic assessment was
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also undertaken (CSIR 1990), and anticipated socio-economic impacts of the dam were
investigated by means of a questionnaire circulated to residents. Table 2.6 shows a comparative
assessment of possible socio-economic effects with and without the Wolwedans Dam (CSIR
1990).
Table 2.6 : Comparative assessment of the possible socio-economic effects with and




























Gross MAR = 38.3 Mm3
Net MAR = 15.2 Mm3--
Artificially breached 2 to 3
times per year due to natural
high estuary water level
Some natural stress,
especially during closed
mouth conditions and at high
season
Frequent open mouth and




mouth and tidal action
Estuarine ecology appears
healthy and productive
Valuable for holiday and
retirement homes, especially
on riverside and the Island
Major floods with loss of
property have been recorded
Industry uses 4 Mm3/a
but owns rights to 10.6
Mm3/a. Riparian farmers use
6.3 Mm3/a-
No effect without dam
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CONSTRUCTION
Gross MAR = 38.3 Mm3
Net MAR = 15.2 Mm3
Reduced inflow, lower level,
fewer breachings due to
less river inflow
Increased risk of oxygen
depletion, excess nutrients
and high bacterial counts
reduced aesthetic quality
due to more frequent mouth
closure
Activities will be influenced
by mouth condition and
estuary water level
Water level change may
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Normal floods will be
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effect of dam failure and
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The primary recommendation of the CSER (1990) was that "the present estuarine environment
be maintained by substituting active management for the natural processes operative prior
to the construction of the dam. This implies that the natural effect of unregulated river flow
should be replaced by controlled water releases, together with the excavation of the beach
berm, to open the estuary mouth when required".
It was also recommended that in order to determine when water releases or breaching would
be necessary a monitoring procedure should be established. Monitoring should be undertaken
on a monthly basis during the off-season period, but weekly during the holiday season. At each
sampling interval a checklist would be filled in and scored according to the criteria shown in
Table 2.7 below. The flowchart shown in Figure 2.7 would then be used to determine what
management action should be taken (CSER 1990).
Table 2.7 : Checklist and scoring criteria for determining whether management action is
necessary (CSER. 1990)
CRITERIA
Is the mouth open?
Is the estuary water level less than +1.22 MSL
Is there a bad smell and / or excessive algal growth in the water?
Is the E. coli level less than 1000?
Is the salinity level more than 7 and less than 40?

























A monitoring programme was also recommended, with the puipose of evaluating the proposed
management approach. Key aspects of the monitoring programme included; continuous
monitoring of river inflow and water level in the estuary, an annual bathymetric survey of the
lower estuary for at least the initial 10 years, and monitoring of plant communities as well as
species diversity and abundance of the fauna along baseline transects on an annual basis, for a
similar period. The monitoring programme has been running for several years now and three
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Figure 2.7 : Flow diagram to be used in association with monitoring checklist to determine
what management action should be undertaken (CSIR 1990)
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2.3 Discussion
Over a period of twenty-five years, the effects of reducing freshwater inflow to estuaries and
coastal ecosystems have been documented for locations in both developed and developing
countries. As a consequence, reduction in flow to estuaries is now acknowledged as a global
rather than a regional threat to biodiversity (Norse 1993).
Although many countries have recently begun to recognise the water requirements of the
natural environment, the emphasis in doing so has certainly been the determination and
allocation of instream flow requirements for rivers and associated wetland and riparian
environments. Over the last few decades considerable effort has been focussed on the
development of methodologies to determine the instream freshwater requirements of these
inland aquatic systems, and consequently a wide range of techniques for impact assessment and
flow requirement assessment are now available (Bovee 1982; Gore & Nestler 1988; Milhous,
Updike & Schneider 1989; King & Tharme 1993). In contrast, very little effort has been
directed at the development of similar techniques for determining the water requirements of
estuaries. A notable exception has been the formulation of approaches for the management of
freshwater flows to the estuaries serving as nursery grounds for the commercially important
coastal fisheries the Gulf of Mexico. Similarly, management of freshwater flow in the San
Francisco Bay - Delta area has also received attention.
This review has identified that in addition to the acknowledged need for the development of
techniques for estimating the freshwater requirements of South African estuaries, there is an
urgent need to develop a general approach which may be applicable in other regions,
particularly those of the developing nations. This thesis will present such an approach, which
although formulated for South African conditions, may nevertheless be appropriate in other
areas. Prior to setting out a conceptual framework for the management of South African
estuaries several key issues arising out of the preceding literature review will be discussed, with
a view to identifying the critical requirements for the framework.
(i) Shortcomings of previous South African approaches
As noted by others (Whitfield & Bruton 1989; Whitfield & Wooldridge 1994), the regional
allocations determined by Jezewski and Roberts (1986) did not take into account the numerous
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biotic-abiotic relationships within estuaries, focussing instead on an estimate of the flooding and
evaporative requirements. Indeed, these estimates were not intended as allocations, but merely
approximations which would provide water managers with a more realistic estimate of the
utilisable runoff from catchments. Thus while the determination of these first estimates was
rooted in recognition of the water needs of the environment, it was not an assessment of the
ecological water requirements of estuaries. In addition, the Jezewski and Roberts (1986)
estimates did not provide an indication in the seasonal or monthly distribution of this annual
allocation (Whitfield & Bruton 1989; Whitfield & Wooldridge 1994).
Recent approaches (CSIR 1992a, 1992b, 1992c, 1995), reflect the ecological water
requirements of estuaries more explicitly as they are determined by consensus of specialists,
whereby each specialist is an authority representing some component of the ecosystem such as
fish or birds. However the approach is based on a collective and intuitive expert assessment
rather than a scientifically defensible methodology, and consequently very low confidence
assessments often accompany these estimates (Table 2.5). Furthermore these estimates are
usually annual totals and do not specify monthly flow regimes or ranges in acceptable
variability. Because explicit ecological goals are not specified, there is no way of knowing in
the long term whether these estimates are realistic, and while the experts always stress the need
for monitoring, it is seldom undertaken by government departments or authorities. Lack of
monitoring and investment in basic research by government departments has led to a growing
dissatisfaction among estuarine scientists and a reluctance to participate in estuarine flow
requirement workshops. Scientists have been concerned that their initial estimates are accepted
as a 'quick fix' solution tantamount to 'rubber stamping' without providing them the
opportunity to re-evaluate estimates in conjunction with a structured research and monitoring
programme.
Although the Great Brak estuary provides an example of where a relatively comprehensive
monitoring strategy has been established it should be noted that the freshwater requirements
of this estuary were allocated prior to any impact assessment, as was the decision to construct
the dam. Nevertheless the management system is currently the only one of this nature in place
and is widely regarded as being successful. The advantages and limitations of this management
approach will be discussed more completely in subsequent chapters of this dissertation as the
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techniques developed herein will be tested in a case study of the Great Brak estuary.
(ii) Assessment of international approaches
Only the United States has appeared to have directed substantial research effort at formulating
techniques for the determining estuary freshwater requirements. Two distinct approaches have
evolved; one applicable to estuaries flowing into the Gulf of Mexico, the other an approach for
the San Francisco Delta-Bay area. Although there are elements of both approaches which
would be applicable to South African estuaries, there are equally several limitations.
The approach adopted for the San Francisco Delta-Bay is focussed on a single index of salinity,
the upper boundary of the near bottom 2%o isohaline. This index was developed as a proxy for
freshwater inflow and integrated measure of the net effects of the inflow, due to difficulties in
determining the actual inflow volumes into the San Francisco Bay-Delta area. While this index
has clear value as a surrogate measure of freshwater inflow several concerns regarding its utility
as a management tool for ecological systems are apparent.
This point may be best illustrated by initially referring to a South African example. In his policy
proposals for the estuaries of KwaZulu-Natal, Begg (1985), recommended 'that management
should seek, as far as possible, to preserve natural conditions such as natural vegetation,
natural drainage patterns, the rate of freshwater discharges, and natural tidal and salinity
regimes'. Similarly, in a review of the conservation status of South African estuaries, Heydorn
(1989) suggested that sound management procedures for estuarine environments should be
based on maintenance of the natural processes operative in estuaries to the greatest possible
extent. In essence, these policy guidelines suggest that the primary management goal is the
maintenance of natural physical processes. While the value of guidelines such as these is
unquestionable at the level of public policy, at a pragmatic and operational level, approaches
which are based on maintaining 'normal' flow, 'typical' salinity gradients or 'characteristic'
types of circulation are inherently problematic.
The rationale for these approaches very often lies in the fact that the physical characteristics of
a particular estuary are determined largely by the interaction between river discharge, tidal
action and basin morphology (Kennish 1986), and consequently proponents argue that since
47
the basin morphology can be measured and both tides and river discharge can be relatively
accurately predicted; it is possible to classify a particular system on the basis of the typical
hydrodynamics. The objective of management in this case is to keep variation of salinity within
'normal limits', defined by a historic record or by consensus of experts. The question that needs
to be addressed is; given the variability of the processes involved, how realistic, how
meaningful and how useful is a management guideline which is based on 'normal' conditions?
If the objective of the management policy is to maintain the hydrodynamic integrity of the
system, how much variation does one permit, and what are the ecological consequences of
variation? This question is particularly valid given that variability is often considered a key
feature of estuarine systems. If one wishes to determine the performance of a management
strategy for freshwater flow to an estuary, is it evaluated according to whether physical criteria
have been met, or evaluated according to the current health of the ecosystem? If it is found that
the ecosystem is in poor health due to insufficient inflow how does one determine an increase
in allocation, other than by an iterative 'trial and error' approach?
It is therefore argued that approaches to the management of estuaries based on salinity variation
and other hydrodynamic criteria are not particularly useful. The purpose of estuary management
is not to protect and conserve salinity variation. Salinity will always vary where fresh and sea
water meet, even in the absence of a single organism. Rather, it is argued that salinity variation
is one of several unique features of estuaries, which together create conditions which are
different from either adjacent environments. Certain organisms have become adapted to, and
in certain cases dependent on the conditions found in estuaries. In this way estuaries, by way
of their 'otherness' or uniqueness have developed ecological functions which sustain and
compliment processes and populations in adjacent environments. It is these critical ecological
functions which require protection in the management of estuaries. It is clear that investigation
which is directed at the management of coastal resources needs to take an approach which is
less centred on categorisation of the physical attributes of estuaries and more focussed on their
functions as ecosystems. Although this need was recognised by the San Francisco Estuary
Project (1993), relationships between their selected index of inflow and measures of ecosystem
functioning have yet to be developed.
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Unlike the approach adopted by the San Francisco Estuary Project (1993), the methodology
developed for Texas estuaries does provide a direct link between inflow and measures of
ecosystem functioning. Because of the substantial commercial fisheries present in the Gulf
region, extensive time series of harvest amounts are available. As a consequence it has been
relatively easy to determine site-specific statistical relationships between harvesting
(representing recruitment success and therefore ecosystem functioning) and inflow. These
relationships, represented as continually revised regression equations provide the basis for the
methodology proposed for the region. The use of regression equations in a management
approach has its own problems, as articulated by Tung et al. (1990), '''...the causal connection
between flow and harvest may be obscured by immeasurable parameters such as effort,
selectivity, and skill, and may be corrupted by poor reporting or the difference between
locality of landing and locality of catch, to say nothing of other environmental variables
unrelated to inflow. The regression therefore tends to be noisy and statistically uncertain".
Nevertheless, the primary reason why this approach is of limited applicability in South Africa
is that there are no comparable time series data. Commercial fisheries in South Africa are based
primarily on pelagic species which are not dependant on estuaries.
(iii) Considerations specific to South Africa
Unlike the majority of estuaries elsewhere in the world, a high proportion of estuaries in South
Africa are frequently closed to the sea for extended periods during the year. This arises due to
the fact that catchments along the eastern and southern coasts are small and this together with
the low rainfall of the region results in low runoff volumes delivered to estuaries. As discussed
previously, abstraction and storage further reduce runoff volumes and consequently runoff is
insufficient to maintain an open mouth. While this may occur in other regions of the world, it
does not appear to have been raised as a major regional or national concern anywhere else.
However the increase in frequency of mouth closure in South Africa does lead one to speculate
that it could be a phenomenon more frequently encountered in other regions in the future,
particularly those with low outflow systems, characterised by increasing levels of abstraction.
The implication of this is that any freshwater determination methodology proposed for South
Africa needs to address the potential for estuary mouth closure under highly variable and
reduced inflow conditions.
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Furthermore South Africa is characterised by situation of poor data availability. Very few
estuaries in South Africa have flow gauging weirs near their mouths and even fewer have water
level gauges. Only one set of comparable estuary health assessments has been undertaken for
all estuaries in the country, and in addition, these assessments were not undertaken during the
same time period (Cooper, Harrison, Ramm & Singh 1993; Harrison, Cooper, Ramm & Singh
1994; Harrison, Cooper, Ramm & Singh 1995). Whitfield (1995) has analysed the availability
of information on South African estuaries (Table 2.8), showing that information availability
could be considered poor or nil for 68% of estuaries. Fortunately whatever information is
available has been compiled into a bibliography of information for each individual estuary
(Whitfield 1995), which is updated on a continuous basis.
Table 2.8 : Synthesis of available information categories from individual estuaries in each





































































2.4 Redefining management needs
Over the past 25 years some effort has been directed toward characterising estuarine systems
in South Africa and identifying problems and threats to their sustainable utilisation. For a
number of years, researchers, managers and policy makers have been aware of the value of
estuarine systems and cognisant of their role and value as ecosystems. However, although
policy proposals for certain estuaries were tabled over a decade ago (Begg 1985), these have
yet to be accepted or implemented. Similarly, although the need for estuaiy-specific freshwater
allocations has been acknowledged for several years, an integrated methodology for
determining these has not been developed.
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This thesis proposes that objectives such as 'the sustainable utilisation of estuaries' or
'maintenance of biological diversity' will not be achieved on the basis of the formulation of
policy alone. Indeed the failure of most policy initiatives can be attributed to formulation in the
absence of a strategy for implementation, and particularly, the absence of a supportive and
integrated management framework. Policy which is to be successful needs to be accompanied
by a strategy which sets out a time table for the action plan, describing clearly the operational
goals against which progress is going to be measured. The strategy should document the range
of methods which will be employed to achieve these goals, and may include a mix of regulatory,
non-regulatory and incentive based approaches.
Most importantly, successful policy also requires a 'toolbox' of decision making and evaluatory
techniques. The purpose of natural resource policy is to set the constraints and conditions of
resource utilisation, and as can be expected, as the demand for natural capital such as water or
land increases, so do the complexities of resource management. Resource management in the
latter half of this century has consequently been characterised by dissension between social,
economic and political issues. Because of the dynamic nature of these interactions and their
non-linear responses to change, consequences of potential actions are difficult to predict,
thereby creating uncertainty and promoting conjecture. Under these circumstances, decisions
are difficult to make, difficult to explain and difficult to defend. The result is often a
debilitating, unproductive debate which stifles progress and wastes resources. Structured
decision making based on predictive capacity can provide a significant contribution to this
process by constraining the debate and focussing management on the real issues.
A central hypothesis of this thesis is that the development of appropriate predictive capacity,
located within a framework which acknowledges the failings of previous approaches to
adaptive management (McLain & Lee 1996), will contribute significantly to defining a
management approach which will demonstrate achievable ecological sustainability. Breen,
Quinn and Deacon (1994) have proposed a management approach for the natural environment
of rivers which addresses many of these concerns (Figure 2.8). The concepts employed in this
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PREDICT THE CONSEQUENCES OF THE
PROPOSED MANAGEMENT ACTIONS
FOR ESTUARIES
Figure 2.8 : A management framework for demonstrating ecological sustainability in
estuaries (after Breen, Quinn & Deacon 1994)
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(i) Setting the vision
A vision describes the state in which society wishes estuaries to be, reflecting the value society
places on estuaries and their functions. For management to be meaningful its purpose must be
to achieve a desired and predetermined state of the natural environment (Breen, Quinn &
Deacon 1994). The vision in turn, forms the basis for policy. For example the discussion
document for marine environmental conservation policy in KwaZulu-Natal states that 'the
province of KwaZulu-Natal will, in the 21s' century, have healthy coastal and marine
ecosystems that will be rich in biodiversity and provide the people of this province with safe
and sustainable opportunities for economic development, healthy food and quality
recreation. "(Anon 1996).
As the vision is a reflection of the wishes of society, it is important that setting the vision, as
well as many other components of this management approach, occurs on the basis of public
participation. Griffis and Kimball (1996) suggest that the "sheer complexity of activities and
institutions, and the sheer density of people in coastal areas, makes the people-management
process the focus of Integrated Coastal Management". Participation is a fundamental principle
of the new environmental policy, and recognises that "all interested and affected parties have
a right to participate in environmental management and decision making" (Department of
Environmental Affairs and Tourism 1996). This tenet is equally recognised in the new Water
Law Principles which acknowledge the need to devolve management to a local level
(Department of Water Affairs and Forestry 1996).
(ii) Setting operational goals
Goals such as 'maintaining ecological processes', 'preserving genetic diversity' or 'ensuring
sustainable utilisation' cannot be considered operational goals as there are no direct means of
assessing achievement. These goals must therefore be redefined in precise and meaningful terms
(Breen, Quinn and Deacon 1994). Setting operational goals has recently been expressed as a
fundamental requirement of scientifically based ecosystem management (Christensen et al.
1996). The report of the Ecological Society of America Committee on the Scientific Basis for
Ecosystem Management (Christensen et al. 1996) states that "goals must be explicitly stated
in terms of specific 'desired future trajectories' and 'desired future behaviours' for the
ecosystem components and processes necessary for sustainability. Furthermore, these goals
53
should be stated in terms that can be measured and monitored". As Meyer and Swank (1996)
have expressed it, "unless we provide precise definitions and specific measures for attributes
such as ecosystem integrity, health, and vitality, these will not be achievable management
goals...".
(iii) Defining and recording potential management actions
Management actions required to sustain the natural environment are usually based on wisdom
in the absence of any structured decision making framework. While decisions are considered
to reflect the expertise of participants, the process, interpretations and assumptions which
underlie these decisions are seldom recorded. As a consequence it is impossible to review the
steps in decision making to correct, improve or reverse decisions (Breen, Quinn & Deacon
1994). All too often it is not known why a particular decision was taken or by whom.
Suggestions which were offered during the decision making process as alternatives to the final
decision may be lost, despite the fact that they may have yielded better results on
implementation. Apart from giving attention to documenting the process of defining
management actions, the actions themselves must be documented in a clear and unambiguous
manner. Alternative management actions need to be explicitly linked to their desired effect in
the ecosystem. At the same time the social and economic costs of each alternative can be
determined to ultimately facilitate trade-offs.
(iv) Predicting the consequences of management actions
Adaptive management is currently promoted as a desirable conceptual approach to ecosystem
management (Christensen et ah 1996), and can be described as a structured system in which
monitoring iteratively improves the knowledge base and helps to refine management plans
(Ringold et al. 1996). Adaptive management uses experimentation as a strategy for managing
ecosystems, whereby the results of studies of prior management decisions are incorporated into
future management decisions (Okamoto 1995). Others have criticised the adaptive management
approach (McLain & Lee 1996), claiming in a case study of three examples, that the approach
is unsuccessful because it "relies excessively on the use of linear systems models, discounts
nonscientifw forms of knowledge, and pays inadequate attention to policy processes that
promote the development of shared understandings among diverse stakeholders. " Adaptive
management also carries a certain risk, based on the assumption that monitoring will identify
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inappropriate action and that collective management will restore the ecosystem to its previous
state. In the words of Holling (1996), " in adaptive management, policies are designed as
hypotheses and management implemented as experiments to test those hypotheses. But the rule
of good experimentation is that the consequences of actions be potentially reversible and that
the experimenter learns from the experiment" .
Being able to predict the consequences of management actions will obviously limit the risk
associated with the adaptive management approach. According to Christensen et al. (1996),
models " can be useful in identifying particularly sensitive ecosystem components or insetting
brackets around expectations for the behavior of particular processes. They can be especially
useful in identifying indices and indicators that provide a measure of the behavior of a broad
suite of ecosystem properties". Some would argue that for models to be useful management
tools they need to identify indices or indicators which provide a realistic measure of ecosystem
functioning. The approach proposed in this thesis argues that policy, goals and management
actions should be specifically focussed on the biological attributes of estuaries, and measured
by one or more objective indices. This means that the consequences of potential action such
as artificial breaching, or water release policies from proposed or existing impoundments should
be evaluated by indices which indicate the extent to which the proposal impacts on the
biological potential of the system. By this is meant the extent to which a given estuary can fulfil
the dimensions habitat defined in the Introduction.
Such an approach necessitates the development of predictive abilities at two levels. Firstly, the
hydrodynamic and physical consequences to an estuary, of an action such as artificial breaching
or a water release from an impoundment, need to be determined. In other words the effect of
such a change on the physical environment, measured for example by changes in water level,
temperature, salinity or access to the sea needs to be established. The second level of prediction
requires the translation of changes in these environmental variables into consequences for the
biota. For example, how changes in inflow might alter habitat availability and consequently the
dynamics of populations supported by these habitats, or alternatively how a decrease in
freshwater inflow together with high evaporation may result in salinities above the tolerances
of organisms within the estuary.
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(iv) Evaluate the acceptability of consequences of different management actions
Anthropogenically induced changes in the structure and functioning of natural systems alters
the asset value ascribed to natural systems (Breen, Quinn & Deacon 1994), and the response
of society to the predicted change will reflect the extent to which the associated change in asset
value is considered acceptable. If the likely consequences are considered unsuitable, other
management actions need to be considered and routed through the predictive process.
Obviously this process is dependent on public participation and requires protocols for
establishing trade-offs and documentation of the entire assessment process. As Stanford and
Poole (1996) have suggested public participation requires an unambiguous, public forum
capable of policy, science and management debate, characterised by intimate citizen
involvement in a process which is founded upon empirical analysis of cause and effect.
(iv) Selection and implementation of management action(s)
Hilborn (1992) has raised the question of whether institutions are able to learn from experience,
suggesting that they often lack systematic plans for doing so, as well as mechanisms for
retaining new knowledge in the 'memory' of the institution. If the process of adaptive
management is to succeed it is essential that the selected management action as well as the
rationale for its selection is documented.
(v) Monitoring and measuring goal attainment
Management is meaningless unless one is able to measure the extent to which management
goals are being attained. Furthermore, monitoring needs to occur at a time scale that will permit
the implementation of corrective action before undesirable changes in the state of the ecosystem
occur. Implementation of monitoring programmes requires vision and commitment, the benefits
of which are not always evident in the short term (Christensen et al. 1996). Ringold et al.
(1996) have proposed an approach to monitoring consistent with the principles of adaptive
management, in that the monitoring process itself is subject to a process of adaptive
management. The most fundamental requirement of a monitoring strategy, however, is that it
should specifically set out to measure the actual responses of components of the ecosystem in
relation to the predicted responses. This requires that monitoring outputs and modelling
outputs be directly comparable.
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2.5 Objectives for developing predictive capability
The predictive capabilities alluded to in the previous sections, do not currently exist. As is
evident from the preceding discussion, the proposed approach is dependent on two levels of
predictive ability, the first focussing on the consequences management actions may have for the
physical character of estuaries and the second focussing on the consequences the resulting
physical change may have for the ecological functioning of the system. As the first level of
prediction has been addressed elsewhere (Slinger 1996), this dissertation will focus on
developing an approach to addressing the latter.
Over the past three decades modelling has come to be acknowledged as an integral part of
problem solving in almost all disciplines (Starfield, Smith & Bleloch 1990), and particularly for
natural resource management in situations characterised by limited data availability and poor
understanding (Holling 1978; Starfield & Bleloch 1991). Numerous modelling methods,
techniques and approaches to problem solving have evolved over the years, contributing to an
enormous body of knowledge, numerous failures and some successes. Evaluation of this body
of knowledge is beyond the scope of this dissertation and the approaches and techniques
utilised herein are not defended against a myriad of potentially suitable alternatives. In
developing the necessary predictive understanding the principles of 'boot-strapping' and
incrementalism (Starfield & Bleloch 1991) have been embraced; guided by the goal of exploring
the consequences of our present understanding, rather than a goal of deterministic inclusivism.
'Prediction' is used in the sense of 'likely outcome' rather than a measurable absolute, and by
model is meant 'an integrated suite of predictive methods' rather than a unitary mathematical
construct. Above all, it should be recognised that the current management of South African
estuaries is based on limited understanding and almost no data to corroborate hypotheses.
The remainder of this thesis will focus on the development of predictive capabilities which are
required if the management framework outlined in this Chapter is to be adopted. The processes,
functions, or components of the ecosystem selected as representative of the link between
management action and ecosystem response must be selected with great care, as they will be
used as surrogate evidence that the ecosystem is being managed in an ecologically sustainable
manner. With this need in mind the following objectives and criteria are specified.
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(i) To develop an ecologically based modelling approach which will predict the ecological
consequences of changes in the physical character of the estuarine environment. This model
should meet the following criteria :
• The modelling approach should be specifically tailored to predict ecological
functioning of the estuary.
• The modelling approach should include a representative range of organisms,
preferably reflecting a range of trophic levels.
• The modelling approach should be sensitive to changes in estuary physico-chemical
condition and therefore incoiporate the ecophysiological tolerances of individual
species
• The modelling approach should be generally transferable to all South African estuarine
systems.
• As far as possible, the modelling approach should demonstrate applicability to other
regions, particularly semi-arid regions characterised by growing demand for water
resources.
• The modelling approach should generate a set of management indices which should
be objective, ecologically based and readily understandable to the biologist and
resource manager alike. The indices should not be biassed to a single species and
should be generally regarded as representative of the state of health of the estuary.
• The modelling approach should generate indices which are easily and inexpensively
monitored.
(ii) To test and evaluate the modelling approach and indices in a case study.
(iii) To identify further research needs, and in particular to identify further development
requirements to operationalise the modelling approach and indices developed.
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3 FISH RECRUITMENT INDEX
3.1 INTRODUCTION
As noted by Whitfield (1996), fishes have frequently been used as indicators of environmental
health or biological integrity (Brown 1978; Hocurt 1981; Karr 1981; Elliot, Griffiths & Taylor
1988; Ramm 1988, 1990; Fausch, Lyons, Karr & Angermeier 1990). According to Whitfield
(1996), both fish abundance and species diversity provide a good indication of the health of the
system under consideration. Whitfield (1996) has also summarised the advantages and
limitations of using fish as indices of biological integrity, concluding that the advantages far
outweigh the disadvantages.
As identified in the Introduction, one of the primary ecological values attributed to estuaries
is the role they play in providing habitats for juvenile fish, often referred to as the 'nursery
function' of estuaries. As the modelling objectives established in Section 2.5 call for an
approach which is not biassed to a single species or trophic level, attention was given to the
formulation of a modelling approach which would provide an indication of the extent to which
an estuary was fulfilling this role for a variety of fish species. It should be noted that data
regarding the utilisation of estuaries in South Africa by juvenile marine fish is very sparse,
limited to three principal components:
(i) Firstly a variety of juvenile fish make use of estuaries, although not all of these species
are dependent on estuaries as several are able to utilise inshore areas as nursery grounds.
In developing the index the assumption that greater emphasis should be placed on those
species with an absolute rather than a prefered or opportunistic requirement, has been
made. Section 3.2.1 thus describes a dependency categorisation of fishes in South African
estuaries, and an associated dependency score.
(ii) Secondly, although juvenile marine fish recruit into estuaries predominantly during the
summer months, each species appears to have a prefered recruitment period, comprising
a peak period and periods of lesser recruitment activity before and after the peak.
Something is known of the recruitment periods for 27 fish species. Section 3.2.2 thus
summarises this understanding and describes an associated recruitment score.
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(iii) Finally, there is evidence to suggest that recruitment occurs to a greater extent under
conditions characterised by a high longitudinal salinity difference (the difference in
salinity between the mouth and head of the estuary). In contrast, recruitment appears to
be limited during periods of high flow. Section 3.2.3 presents the evidence for these
claims and describes several alternative assumptions for incorporation into the index.
The index described below attempts to integrate this limited information and understanding as
concisely as possible, and in a manner which is readily understandable by estuary managers,
biologists and laymen alike. The result is a 'hybrid' index incorporating both published data as
well as expert opinion and value judgements.
3.2 COMPONENTS OF THE INDEX
3.2.1 Dependency score (DSD
Whitfield (1994a) provides a revised estuary dependence categorization for fishes in South
African estuaries, consisting of five major categories (Table 3.1). Of these, only species in
divisions la and Da are totally dependent on estuaries. Categories Ib, lib and Die represent
species which are at least partially dependent on estuarine systems, a large proportion of which
could be regarded as marine / estuarine opportunists. Category HI comprises mainly stenohaline
marine species which occur in low numbers in estuaries. Category IV consists of mainly
euryhaline freshwater species, for which the degree of penetration into estuaries is determined
primarily by salinity tolerance. Finally Category V includes obligate catadromous species such
as eels, which use estuaries as transit routes between marine and freshwater environments. The
total number of estuary dependent or partially dependent species corresponds to 74% of the
total number of estuary associated species (Whitfield 1994a).
In order to distinguish between those species which merely benefit from estuaries, and those
which are dependent on estuaries, a simple scoring system was devised. Category I species
were not included as they spend their entire life cycle within the estuary and do not translocate
to the marine or freshwater environments for spawning. These species will therefore breed in
estuaries even if the mouth is closed. Category IV species are euryhaline freshwater species and
were excluded, as they are not dependent on estuaries and will also utilise estuaries when the
mouth is closed.
_ _____ —
Table 3.1 : The five major categories of fishes which utilize South African estuaries {after
Whitfield 1994a)
Estuarine species which breed in South African estuaries. Further subdivided into :
Resident species which have not been recorded spawning in the marine or freshwater
environment
Ib Resident species which also have marine or freshwater breeding populations
Euryhaline marine species which usually breed at sea with the juveniles showing varying degrees
of dependence on South African estuaries. Further subdivided into :
Juveniles dependent on estuaries as nursery areas
II
lib Juveniles occur mainly in estuaries, but are also found at sea
lie Juveniles occur in estuaries, but are usually more abundant at sea
in Marine species which occur in estuaries in small numbers but are not dependent on these systems
Euryhaline freshwater species, whose penetration into estuaries is determined primarily by salinity
tolerance. Includes some species which may breed in both freshwater and estuarine systems.
Obligate catadromous species which use estuaries as transit routes between the marine and
freshwater environments
Based on the list of species provided by Whitfield (1994a), each species is allocated a
dependency score (DS,), reflecting the extent of its dependency on the estuarine environment
(Table 3.2). However, although it is relatively easy to allocate scores to the extremes of the
dependency continuum (completely dependent = 5 and completely opportunistic =1), scoring
intermediate classes is associated with somewhat more uncertainty.
As a consequence is it necessaiy to propose alternative scoring systems to establish whether
adopting a different scoring system may materially alter any policy recommendations. Thus
under Assumption 1 in Table 3.2 overleaf, Category V species are scored the same as Category
Ha species as they are entirely dependent on estuaries in the sense that juveniles need to move
through estuaries to obtain access to their freshwater habitats in rivers and streams. Thus
Category lie species, being only partially dependent on estuaries scored lower than Category
Ha species which are entirely dependent on estuaries. Category lib. lie, and III represent a
progressive decline in dependence and are therefore categorised accordingly.
In the case of Assumption 2, Category lie and III were scored the same, and considerably
lower than the next most dependent category, being those species which occur mainly in
__ _ _.
estuaries, but are also found at sea (Category lib). In the final assumption the score of this
latter category is lowered, giving greater emphasis to those species completely dependent on
estuaries.
Table 3.2 : Dependency scores (DS^) allocated to categories offish included in the model
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A further point of note is that not all juvenile marine fish are of equal conservation significance.
Some may be widely distributed throughout the Indo-Pacific region, whereas others may be
endemic to certain areas of the South African coastline. The latter are therefore considered of
greater conservation importance, consequently the score of an endemic species, regardless of
its category of dependance was increased to 5.
Twenty-seven species are included in the index formulation as these are the only species for
which preferred recruitment periods are known. However, these species represent
approximately 40% of all South African fish classified as Category II, III or V (Whitfield
1994a).
3.2.2 Optimal recruitment score (ORS,)
Whitfield and Kok (1992) provide a summary of the recruitment periods for common coastal
species in the Eastern and Western Cape Provinces, and Wallace and van der Elst (1975) give
similar information for species from the KwaZulu-Natal region. Table 3.3 below summarises
the recruitment periods of species for which information is available. The optimal recruitment
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score (ORS^) is defined as being 5 for the main immigration period, indicated in Table 3.3 by
the broad line, decreasing linearly to 0 towards the outer limits of the species recruitment
period, indicated in Table 3.3 by the tapered line.
Table 3.3 : Recruitment periods for the 27 fish species, occurrence in the Great Brak
Estuary is also indicated. Broad line represents peak recruitment period (after
Wallace & van derElst 1975; Melville-Smith &Baird 1980;Bruton<tfa/. 1987,


























































3.2.3 Longitudinal salinity difference multipliers {LSMt)
Whitfield (1994b) shows that an important factor associated with the abundance of larval and
juvenile marine fishes is the longitudinal salinity difference, being the difference in salinity
between the head (upper limit of tidal influence) and mouth of the estuary. In permanently open
estuaries with longitudinal salinity differences greater than approximately 20 g.kg"1, Whitfield
(1994b) notes significantly higher densities of 0+juvenile fishes than those where longitudinal
salinity differences are absent or poorly developed (Figure 3.1). Martin et al. (1992) indicate
a similar finding, showing that the densities of post larval marine migrants in the St Lucia
estuary increased significantly for almost all species following a cyclonic flushing of the system.
Data presented by Martin et al. (1992) shows that the ebb tide longitudinal salinity difference
following the flushing event remained greater than 20 g.kg''.
1400
0 5 10 15 20 25 30 35
Longitudinal salinity difference (g.kg'1)
Figure 3.1 : Ichthyonekton densities versus longitudinal salinity difference (difference in
salinity between head and mouth) in each of three South African estuaries on
the eastern Cape coast ( • Sundays; • Great Fish; T Kariega) (Whitfield
1994b). The dashed line indicates maximum recorded fish densities.
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Figure 3.1 shows that the ichthyonekton densities of the Great Fish and Sundays estuaries,
characterised by strong longitudinal salinity differences were more than 5 times greater than
those recorded in the Kariega system, with a poorly developed longitudinal salinity difference.
Whitfield (1994b) thus suggests that recruitment is only likely to occur to any significant degree
if the axial salinity difference exceeds 20 g.kg"'.
Although this trend appears to be well supported (Whitfield 1996 pers. comm.), the linear
regression correlation coefficient of the data shown in Figure 3.1 is a relatively poor fit (r =
0.39) (Whitfield 1994b). As a well defined relationship between longitudinal salinity difference
and recruitment has not been established the data shown in Figure 3.1 have been rescaled to
define three alternative assumptions regarding this relationship, each providing a multiplier
dependent on the prevailing longitudinal salinity difference (Figure 3.2).
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Figure 3.2 : Three assumptions regarding the relationship between recruitment and
longitudinal salinity difference, based on data provided by Whitfield (1994b).
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Assumption 1 is based on the supposition that recruitment will occur only at 10% of maximum
when the axial salinity difference was less than 20 g.kg'1, increasing linearly to 100% as the
axial salinity difference reaches 35 g.kg"1, as defined by the linear equation in Figure 3.2. The
second alternative assumes a direct linear relationship between longitudinal salinity difference
and recruitment, whilst the final assumption comprises a reciprocal logarithmic function,
thereby giving greater emphasis to higher values of axial salinity difference.
3.2.4 Flow rate multiplier {FRMt)
Although Whitfield (1994b) has shown a relationship between axial salinity difference and
recruitment, it is likely that fish are responding to riverine-based olfactory cues entering the
marine environment, and not salinity or salinity gradients per se (Whitfield 1996). The latter
suggests that the actual volume of water entering the marine environment may also be relevant,
supported in part by recently obtained data (Whitfield 1997, pers. comm.). A longitudinal
salinity difference of 35 g.kg"1 is thus indicative of a high freshwater input and therefore large
amounts of land-based olfactory cues entering the sea.
Nevertheless, Whitfield (1991,pers. comm.) has also found evidence which suggests that very
high flows limit juvenile fish recruitment. Figure 3.3 overleaf shows a decrease in catch per unit
effort (CPUE) for three sampling events in the Thukela estuary, KwaZulu-Natal. Whitfield
(1997, pers. comm.) consequently speculates that for a given estuary, there is a range of
outflow rates which correspond to an optimum of volume of land based cues in the marine
environment without compromising the ability of juveniles to enter and locate suitable habitat
within the estuary. Successively higher flow rates are thus likely to limit the extent of
recruitment to an increasing extent by either making access to the estuary difficult or by
eliminating suitable habitat in the estuary.
In order to account for the attenuating effects of high flows on juvenile recruitment, the
function depicted in Figure 3.4 was derived in consultation with Whitfield (1991,pers. comm.),
specifically for the Great Brak and similar estuaries. Peak recruitment is assumed to occur at
flow rates of between 2 and 8 cumecs, whereas lower flows do not result in peak recruitment
due to lower volumes of olfactory cues reaching the sea. Higher flows result in lower
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Figure 3.3 : Data provided by Whitfield (1997, pers. comm.), showing reduced catch per
unit effort (CPUE) at the Thukela estuary at successively higher flow rates.
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Figure 3.4 : Flow rate multiplier for a given flow rate, based on and assumed relationship
between flow rate and magnitude of recruitment (Whitfield \997,pers. comm.).
3.2.4 Mouth condition multiplier (MCMt)
A further, although more obvious, limiting condition is that the mouth must be open for
recruitment to occur. Thus the mouth condition multiplier is set to zero if the mouth of the
estuary is closed, or to one while the mouth remains open.
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3.3 FORMULATION OF THE FISH RECRUITMENT INDEX (FRI,)
There are two primary components to be considered in the formulation of the juvenile marine
fish recruitment index, firstly the aspect which describes the strength of recruitment of a
particular species at a given time (optimal recruitment score), and secondly the measure which
provides a value judgment relating to the importance or significance of the species (dependency
score), based on the extent to which the species is dependant on estuaries and whether it is
endemic or not.
As is evident from the preceding discussion the maximum value for each of the scores has been
set at 5. The rationale for this is that firstly both components are considered to be equally
important and should therefore receive equal weighting, and secondly scoring over a greater
range (e.g. between 1 and 10) may imply a level of resolution in the input data (e.g. recruitment
preference) which is currently not available. Furthermore as the index is intended to provide
a relative rather than absolute measure, the maxima of the two principal scores are less
important than their relative weighting. Formulating scores in such a manner also facilitates the
introduction of a weighting at some later point, if required ,where the weighting for one
component would be x (where x = 0 to 1), and the weighting for the other would be \-x.
Although this has been raised as a possible modification to the index it will not be considered
further as there is currently no reason why either of the two primary components should be
given a greater weighting.
At least two alternative formulations of the fish recruitment index are possible, namely an
additive and a multiplicative formulation. In the case of the former, the two component scores
could be added together to yield a total (maximum would therefore be 10) for the species under
consideration at that point in time, or in the latter case could be multiplied to provide a total
(maximum would therefore be 25) for the species concerned. As the multipliers have been
formulated to reduce recruitment under certain hydrodynamic conditions (e.g. to show no
recruitment when the mouth is closed), in both cases either the product or the sum of the two
primary components would need to be multiplied by the combined product of the various
multipliers. This is because if any of the multipliers is zero at any point in time, a zero
recruitment index should be determined by the formulation.
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The two possible formulations of the index are thus;
FRIt = £ ( ORSH . DS,). (MSMt. LSMt. FRMt) (1)
or,








Fish recruitment index at time t
Optimal recruitment score of species / at time t
Dependency score of species /
Mouth status multiplier at time t
Longitudinal salinity difference multiplier at time t
Flow rate multiplier at time t
Whitfield (1994a) has shown that the diversity offish species declines from 133 estuary
associated species in subtropical waters to 70 species in warm temperate estuaries and only 25
species in cool temperate systems. This reduction in diversity is attributed to the loss of tropical
and subtropical species due to the colder water temperatures in the south (Whitfield 1994a).
Thus according to the above formulations, estuaries in the south will generally score less than
those in the north as a result of the decline in species number southwards, hi order to facilitate
comparison between estuaries which may support different numbers of species the fish
recruitment index could be normalised relative to the maximum possible score for the particular
estuary in question and the associated range of species which occur in the estuary. However,
as further testing of the index will be limited to the Great Brak estuary, the normalised form of
the index will not be considered further.
The alternative formulations of the juvenile marine fish recruitment index and the associated
assumptions within each of the components will be considered further in Chapter 6.
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4 MODELLING ESTUARY HABITAT
4.1 INTRODUCTION
As noted by Kozakiewicz (1995), there have been several attempts to define the concept of
habitat beyond acknowledgement that it is the conceptual link between organisms and their
environment. Some definitions have an organism focus, defining habitat as a place which
provides a single individual with it's life needs (food, cover, water, space and mates)
(Kozakiewicz 1995). Thus Southwood (1976), relates habitat to the range of an individuals'
movements, stating that for any species habitat may be defined as "the area accessible to the
trivial movements of the food harvesting stages", while others have adopted a species or
population focus, defining habitat as " any part of the earth where the species can live, either
temporarily or permanently" (Krebs 1985). Lomnicki (1988) has suggested that habitat is "a
part of space that is permanent enough and large enough that the population of the species
in question may persist within its boundaries for at least one season, or for the duration of its
entire life stage" (Lomnicki 1988).
According to Kozakiewicz (1995), definitions such as that of Krebs (1985) and Lomnicki
(1988) extend the concept of habitat as an individual's living space to that of a living space
which must fulfill all the requirements of a species, and additionally must be adequate to
support a viable population. Other definitions avoid the individual-population debate by simply
considering habitat to be "the space in which an organism, population or species lives" (Norse
1993). Similarly Stiling (1992) suggests habitat is "the sum of the environmental conditions
where an organism, population or community lives" or "the place where an organism
normally lives" or alternatively, habitat is "the environment in which the life needs of an
organism are supplied ".
All of the above definitions imply that the presence of an organism, if not a viable population,
is a fundamental and indeed, necessary attribute of habitat. For the puiposes of this thesis, an
alternative view of habitat is considered. This view recognises the primary environmental
gradients giving rise to the 'space' which ultimately, may be populated by individuals of a
species, thereby transforming the 'space' into a 'habitat'. Such an approach therefore places
more emphasis on the identification of areas characterised by similarities in environmental
. _
gradients; the hypothesis being that areas which are subject to similar environmental gradients
will have similar potentials to support the same range of organisms. To distinguish between this
notion of habitat and the traditional view of habitat the former will be referred to as primary
or potential habitat. The most significant advantage of conceptualising habitat in this manner
is that if sufficient is understood about the processes which maintain the primary habitat, the
consequences of any changes in these processes can be translated into consequences for the
organism inhabiting the primary habitat at that time. This approach therefore, has obvious
application in the management of estuaries.
4.2 DEFINING HABITAT POTENTIAL IN ESTUARIES
4.2.1 Dimensions of habitat potential
Section 1.3 outlined the key processes maintaining estuarine environments, the two primary
processes being freshwater inflow and tidal exchange. Figure 4.1 illustrates the relationship
between these processes and the potential habitat which they create. When occupied by an
organism through recruitment or colonisation, potential habitat for a variety of organisms
becomes the temporary habitat for a range of organisms. The colonisation of the environment
by vegetation and animals in turn modifies the habitat. For example salt marshes and mangroves
produce large amounts of organic matter which enrich the substratum. The presence of
vegetation such as submerged and emergent macrophytes reduces water flow velocities thereby
permitting the deposition of finer sediment particles, and ultimately providing a greater area for
colonisation by the plant. The stabilisation of shorelines and mudbanks by vegetation reduces
scour in subsequent floods, thereby gradually altering the estuarine environment.
Extreme flood events scour accumulated sediment, vegetation and organisms, leaving the
estuary devoid of all but the most resilient organisms. For example, Hanekom (1989) recorded
the effects of a medium sized flood on populations of benthic species in the Swartkops estuary
near Port Elizabeth. Populations ofSolen cylindraceus, Upogebia africana and Callianassa
kraussii in the middle and upper reaches of the estuary were reduced by 93%, 49% and 28%
of the pre-flood values. Marais (1982) confirms that during medium to large floods plankton
and fish are swept out to sea, and in some channel-like estuaries with narrow intertidal ranges,














































Figure 4.1 : Relationship between potential habitat, observed habitat and the processes
which sustain these habitats in the estuanne environment.
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The significant role of extreme events has been recognised by Haltiner (1993), acknowledging
that in evaluating vegetation dynamics in these environments, traditional ecological approaches
based on the concepts of succession and climax are of limited utility. Haltiner (1993) suggests
that the inclusion of catastrophic events in evaluation criteria is an essential step in
understanding the current status of coastal systems as well as their temporal variability.
Coastal ecosystems reflect a complex geomorphic and biotic evolution, brought about by the
interaction of geomorphological and biological processes at a variety of temporal scales
(Haltiner 1993). Kempe (1988) provides a synopsis of the range of time scales over which
physical processes occur in estuaries, stressing the temporal magnitude of anthropogenic
influences over natural processes (Figure 4.2). Both Kempe (1988) and Haltiner (1993)
recognise that understanding of present ecosystem conditions, and attempts to predict further
evolution of these systems requires a proper understanding of the scales of natural processes
and their relationship with anthropogenic influences. Kempe (1988) recommends further that
hydrodynamic models need to be coupled to geochemical and ecological models to derive





Figure 4.2 : Synopsis of the range and source of temporal change in estuaries, illustrating
the temporal effects of anthropogenic influences (Kempe 1988)
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4.2.2 Mapping the dimensions of habitat
The recent and rapid development of Geographic Information System (GIS) technology has
provided a wealth of techniques which lend themselves to applications in environmental
management. For example, Miller (1994) has illustrated the utility of GIS in mapping the
distribution of species, identifying possible habitat for certain species as well as in mapping
biodiversity. Pereira and Duckstein (1993) have combined GIS and multiple-criteria decision-
making (MCDM) techniques to identify suitable habitat for the endangered Mount Graham red
squirrel and Haines-Young, Green and Cousins (1993) have presented a variety of applications
of GIS in landscape ecology. A similar spread of applications is presented in the proceedings
of a recent Conference on 'GIS in Ecological Studies and Environmental Management'
(Baranowski & Nagrabecka 1994). Some simulation models now incorporate spatial variation
(Costanza, Sklar & White 1990; Maxwell & Costanza 1994; Maxwell & Costanza 1995), and
even some individual-based models contain an element of spatial dynamics (DeAngelis & Gross
1992). While three-dimensional approaches have found wide application in mining, hydrology
and landform analysis (Raper 1989), it appears that they have yet to be fully utilised in the
modelling of ecological processes. This chapter will present a range of techniques, which will
use the spatial analytical features of a Geographic Information System, to provide a framework
for the assessment and prediction of natural and anthropogenic change in estuaries.
(ii) Estuary morphology
In the past bathymetric information was obtained through surveying of cross-sections at
regular intervals, and due to the expense of the exercise was not undertaken for a large
number of estuaries. More recently the advent of accurate Global Positioning System (GPS)
technology has provided a more rapid means of data collection. Data are obtained by
plumbing water depths for a selection of points distributed across the estuary, which in
conjunction with a water level recorder, can be used to produce a set of points, each having
attributes of latitude, longitude and elevation with respect to a datum water level.
A set of points collected in this manner for the Great Brak estuary was obtained from the
Council for Scientific and Industrial Research (Slinger 1995 pers. comm.). These points
were imported into a Geographic Information System, and together with topographic
information obtained from the 1 : 10 000 orthophotograph (Department of Surveys and
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Mapping 1989), was used to compile a bathymetric map using a proprietary topographic
interpolation algorithm (Environmental Systems Research Institute 1995). Figure 4.3 shows
the bathymetry of the estuary as determined by the interpolation procedure. The background
shading provides a three dimensional visual perspective, also produced using a proprietary
algorithm (Environmental Systems Research Institute 1995).
(i) Sediment distribution
Grain size distribution of the estuary substratum is known to be an important determinant
of benthic invertebrate distribution (Kennish 1986). For example, the mudprawn (Upogebia
africana), as its name implies, is only found in regions of an estuary characterised by fine
sand or mud (Hill 1967). The distribution of fish has also been linked to sediment
characteristics. In a comparison of the effect of flooding on two South African estuaries
Marais (1982) found that the response of the fish population differed in each of the
estuaries. The number of mullet increased in the Swartkops estuary after the flood, but
decreased to insignificant numbers in the Sundays estuary for several months after the flood.
Marais (1982) postulates that the mud and silt deposited in the Swartkops during the flood
attracted fish by providing a food source for the mullet, whereas in the case of the channel-
like Sundays estuary, the rich benthos was scoured due to the effect of the flood. Not only
does this example illustrate the importance of the substratum in determining the distribution
of organisms, it also provides an indication of the significance of basin morphology in
determining the response of an estuary to flooding.
Although distribution of sediment type within an estuary is a key element of estuarine
habitat, grain size distribution within South African estuaries is rarely mapped on a routine
basis, and even large, internationally important systems such as Lake St Lucia remain
unmapped. Nevertheless on the basis of schematic diagrams and descriptive information
(Morant 1983; CSIR 1990), a sediment distribution map has been compiled for the Great
Brak estuary, and is shown in Figure 4.4 in relation to the estuary morphology. As a
consequence of the paucity of information regarding grain size distribution, only three,
broad classes are recognised.
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Figure 4.4: Sediment distribution in relation to estuary morphology
4.3 ANALYSING HABITAT POTENTIAL
4.3.1 Inundation and intertidal areas
Using GIS techniques, the three-dimensional model can be discretised into a two dimensional
contour map at a specified height interval, whereby the contours define adjacent polygons of
height within a certain range. If the contour interval is small enough, accurate surface areas can
be determined for a given water elevation by listing the cumulative area of the polygons from
the lowest height range to the highest. The volume of each polygon can then be calculated by
multiplying the area of the polygon by the contour interval. In this way an accurate surface-area
to volume relationship may be defined. This was undertaken for the Great Brak using a 0.01














































Figure 4.5 : Surface area : volume relationships for the Great Brak estuary, determined at
a class interval of 0.01 m.
This approach is useful when considering potential habitat in association with fluctuating water
levels. It is thus possible to calculate the area inundated at a given water level as well as the
volume of water associated with this extent of inundation. Similarly, the difference between
the area of inundation at high tide and low tide provides an indication of the intertidal area at
that point in the tidal cycle. By overlaying the sediment distribution and the bathymetry, it is
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possible to use the approach described above to determine the change in intertidal areas of a
given substratum type. Table 4.1 below shows, for a 0.10 m increase in water level, the change
in the area of submerged sediment types. Thus at a water level of between 1.0m and 1.1m
(MSL) there is almost 50 % less submerged muddy substratum as there is at a water level of
between 2.0m and 2.1m (MSL).
Table 4.1 : Area (m2) of each substratum type inundated for a given water level, and
associated estuary water levels.










































































































Given a time series of water elevation, such as that shown in Figure 4.6, it is possible to
produce a corresponding time series representing the intertidal area available to organisms.
Thus Figure 4.7 shows the corresponding flux in inundated mudbank areas for minimum and
maximum daily water levels. Also shown is the corresponding intertidal area, reaching a
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Figure 4.7 : Flux in area of inundated mudbanks for maximum and minimum daily water
levels, and corresponding change in intertidal area.
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Alternatively, all areas of the estuary can be classified according to their frequency of
innundation. Thus Figure 4.8 shows the frequency of inundation of areas of the estuary for the
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Figure 4.9 : Frequency histogram of water levels for a two year period in comparison with
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Figure 4.9: Plan view of estuary showing frequency of inundation expressed as % of time inundated
4.4 ANALYSING HABITAT SUITABILITY
4.4.1 Current approaches to habitat suitability analysis
As noted by Kozakiewicz (1995), habitat areas may differ from each other with respect to then-
suitability for a certain species, as well as their durability (persistence) and changeability over
time. Consequently if all the life requirements of the species are identified, "habitat types within
a mosaic could be classified as optimal, sub-optimal, marginal or non-inhabitable"
(Kozakiewicz 1995). This concept is the basis of many of the spatially explicit habitat models
reported in the literature. Thus in an approach formulated by Pereira and Duckstein (1993),
expert opinion is used to determine scores representing the suitability of certain categories of
components of habitat, such as elevation, slope, aspect, canopy cover, tree stem diameter and
distance to clearings (Figure 4.11). Predicted habitat and actual habitat were found to be
significantly correlated.
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Figure 4.11: Components of the habitat of the endangered Mount Graham Red Squirrel. 'B'
values represent weighting of each component to determine overall suitability.
'Distance' refers to distance from clearings (Pereira & Duckstein 1993).
Other approaches to habitat suitability evaluation require considerable data collection, as they
are based on statistical analyses to con-elate environmental features with population size
(Stalnaker et al 1994). For example, Wyoming's Habitat Quality Index (HQI), is determined
by regressing several habitat variables against a standing crop of fish to produce a stream-
specific minimum flow recommendation (Binns 1982). Latka and Yahnke (1984) utilise an
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approach somewhere in between that of Binns (1982) and Pereira and Duckstein (1993).
Instead of using expert opinion to determine habitat suitability, they correlated the density of
roosting Sandhill cranes with flow characteristics of the Platte river (Figure 4.12). A Suitability
Index for each component was determined using regression techniques, and a Weighted Usable
Area (WUA) was obtained by multiplying the area of each grid and the three suitability indices.
This approach was found to produce a significant correlation between observed and predicted
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Figure 4.12: Density and suitability indices for Sandhill Crane roosting habitat
characteristics at Platte River, Nebraska (Latka & Yahnke 1984).
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Another approach is that developed by Bovee and Milhous (1978), known as the Physical
Habitat Simulation System (PHABSDVI). Central to PHABSEM is the determination of habitat
suitability criteria for species. As habitat requirements may differ during different life stages,
the requirements for all life-stages need to be determined (Figure 4.13) (Stalnaker et al. 1994).
This approach enables the assessment of likely impacts due to changes in flow characteristics,
by producing an estimation of useable habitat for a given length of stream for a given species'
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Suitability-of-use curves for adult and juvenile Brown Trout in relation to
flow conditions (Stalnaker et al. 1994).
More advanced techniques such as the Instream Flow Incremental Methodology (EFIM) build
on these approaches by integrating measures of habitat into habitat units which are then related
to flow over time resulting into a Habitat Time Series (Figure 4.14) (Stalnaker et al. 1994). In
these approaches habitat suitability is determined for both the microhabitat (depth, velocity,
substrate & cover) and the macrohabitat (water quality, channel morphology, discharge &
temperature) (Stalnaker et al. 1994). As noted by Stalnaker et al. (1994), a criticism of these
approaches is the requirement to analyse habitat species-by-species. Not only does this
approach not consider inter-species competition, but also requires the determination of habitat
suitability curves for a wide range of environmental parameters and all species which may be





•§ 1 0 X -
.§?
Limiting habitat event






8 9 10 11
Figure 4.14 : Fish population size related to useable habitat area using the IFIM
(Stalnaker et al. 1994)
4.4.2 An alternative approach to habitat suitability
As is evident from the discussion in Section 4.2, change in estuaries occurs at a variety of
spatial and temporal scales. Thus for example, some components of a benthic invertebrate's
habitat, such as substratum characteristics and vegetation cover, may change over a long time
scale, whereas others such as inundation or salinity may change over a shorter timescale. Thus






















Components of habitat and their rates of change
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Because sediment and vegetation undergo change at less frequent intervals in estuaries, they
are considered to form the basis of potential habitat. Using the analytical capabilities of a GIS
it is possible to overlay the sediment distribution map and a map of the distribution of
vegetation types. The intersection of these two data sources produces a single map which
defines unique combinations of classes of particular sediment size distribution and vegetation
type. Applying this methodology using the available sediment distribution and vegetation maps,
yields 21 unique combinations of sediment and vegetation (Figure 4.16).
As each area is defined only by the interaction of two variables it is relatively easy to score the
preference of an organism for each of the areas. For example, of the 21 potential habitat areas,
the benthic invertebrate Upogebia africana could occur in 7. Table 4.2 provides a matrix of
potential habitat areas and associated estimates of suitability. As is the case with the methods
discussed above, suitability is scored on a scale of 0 (not suitable) to 1 (completely suitable),
considered from the perspective of the maximum populations these areas are likely to support.
Table 4.2 : Assumed potential habitat suitability for several unique potential habitat areas.
Note : these are provided for illustrative purposes and are not intended to represent the actual














































Thus potential habitat areas (PHA's) where maximum densities (PHA x) are likely would be
scored as 1, whereas potential habitat areas which are likely to support populations at 30% of
maximum density (PHA^), would be scored at 0.3. Assuming a maximum prawn density of
500 individuals per nr, 50 nr of PHA x would support a maximum of 25 000 prawns, whereas
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Figure 4.16: Distribution of the 21 potential habitat areas representing unique combinations of vegetation and sediment type
potential habitat at a suitability score of 0.3 would thus support the same maximum prawn
population as 3 km2 of potential habitat at a habitat suitability score of 1. The habitat suitability
score thus provides a means of weighting habitat areas such that the resultant value provides
an integrated measure of both the quality and quantity of habitat available for a particular
species. Stewart, Scott and Iloni (1993) present a variety of techniques for determining scores
such as these on the basis of expert consensus. The advantage of these techniques is that the
process incorporates a sensitivity analysis and checks for consistency using approaches such
as swing weighting and conjoint scaling.
The total available potential habitat area can thus be determined by summing the areas of the
different potential habitat units weighted by the habitat suitability score, as shown below :
TAPHA, = 2J AREAtj. SUITABILITY'f (3)
where,
TAPHA = Total available potential habitat area at time t
AREA = Area of potential habitat unit /at time t
SUITABILITY = Habitat suitability score for potential habitat area / for species j
As was shown in Table 4.1 it is possible to describe the availability of potential habitat area as
the water levels change. The 21 potential habitat areas shown in Figure 4.16 are also subject
to fluctuating water levels, and will consequently experience differing periods of innundation.
The submerged habitat available to benthic invertebrates such as Upogebia africana will
therefore vary with water level. Section 4.3.1 described a methodology whereby sediment type
distribution and estuary morphology were overlain to generate an estimate of submerged area
(or intertidal area) for a given water level (or tidal range) in the estuary. Utilising this approach,
Figure 4.17 overleaf represents the change in total potential habitat area (TAPHA) available
to Upogebia africana over the same 28 day period shown in Figure 4.6, assuming that the
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Figure 4.17 : Fluctuation in available potential habitat for Upogebia africana over a
twenty eight day period
Whether an organism actually utilises the potential habitat or not, is considered to be dependent
on other factors which fluctuate in the short term, such as whether or not the organisms' range
of physiological tolerances (e.g. temperature and salinity) and other requirements are met in this
available potential habitat area within the specified time interval. Chapter 5 presents a modelling
approach which addresses this aspect. Chapter 7 discusses the assumptions and limitations of
this approach to habitat modelling in greater detail.
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5 STRUCTURE OF THE Upogebia MODEL
5.1 INTRODUCTION
The anomuran mudprawn, Upogebia africana (Ortmann) is widely distributed along the
southern African coast, and has been recorded from Langebaan lagoon in the west to
Inhambane in the east (Figure 5.1) (Hanekom & Erasmus 1988). Hanekom and Baird (1992)
indicate that Upogebia africana populations are a major food source for several fish and bird
species, while Wooldridge (1991) is of the opinion that populations contribute substantially to
epibenthic and benthic macrofaunal biomass in many southern African coastal environments,
hi addition to their wide distribution and importance in the estuarine food chain, Upogebia
africana are widely collected as fishing bait by humans (Hill 1967; Hanekom 1980; Martin
1991; Wynberg 1991; Hanekom & Baird 1992). The organism is also relatively well studied,
having been the subject of at least two PhD theses (Hill 1967; Hanekom 1980) and several
papers (Hill 1971; Hill 1977; Hill 1981; Emmerson 1983; Hanekom & Erasmus 1988;
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Figure 5.1 : Distribution of Upogebia africana in southern Africa (after Hanekom & Baird
1992)
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As a potential indicator of estuarine functioning therefore, Upogebia africana has several
advantages. Notwithstanding these, the most important reason for selecting Upogebia africana
as an indicator organism, relates to the life history of the species.
5.2 THE LIFE HISTORY OF Upogebia africana
Upogebia africana is a burrowing mudprawn, typically found in the subtidal and intertidal
mudflats of estuaries (Hill 1967), living in burrows between 20 cm and 60 cm deep. The
organism feeds by pumping water through the burrow and out through a second vertical shaft,
removing detritus from the passing water. Breeding occurs throughout most of the year with
the onset of breeding being associated with warmer post mid-winter temperatures (Hill 1977;
Hanekom & Erasmus 1989). Females produce several broods per year with generally more than
1000 eggs being produced per brood (Hill 1977; Hanekom & Erasmus 1989). Eggs develop
over a period of approximately one month depending on water temperature, and hatch
noctumally within the estuary to yield Stage I zoea. In order to develop further these zoea need
to be exported into the marine environment where within approximately 24 hours these develop
to Stage II zoea (Figure 5.2). In the marine environment the zoea develop through to Stage IV
zoea and finally to a Postlarval Stage before recruiting back into estuaries and subsequent
growth to maturity. Growth of the zoea in the marine environment occurs over approximately
14 days in summer and 28 days in winter (Wooldridge 1995,pers. comm.).
According to Wooldridge (1991,1994) the marine phase of development is obligatory for this
species, and Stage I zoea trapped in a closed estuary will not develop further. This hypothesis
explains why, as noted by Day (1981a), Upogebia africana are not found in estuaries which
are known to have been closed to the sea for a long period of time, and also explains the
discontinuous size classes of adult populations observed in the Great Brak by Wooldridge
(1994). In addition to this obligate marine phase in larval development, Wooldridge (1991,
1994) and Wooldridge and Loubser (1996) have shown that the timing of the maximum release
of zoea is linked to the spring tide phase of the lunar cycle. Conversely maximum incursion of
postlarvae into estuaries was found to be linked to the neap tidal phase. The implication of this
is that not only must the estuary mouth be open for a sufficient time to permit export of zoea
and recruitment of postlarvae, but furthermore that this should ideally occur in association with






Figure 5.2 : The life history of Upogebia africana (Wooldridge 1995, pers. comm.)
hi summary, the complex dependence of populations of Upogebia africana in South African
estuaries on the availability of opportunities for export of zoea and recruitment of postlarvae
through the estuaiy mouth renders the organism a sensitive indicator of the extent to which an
estuary is providing opportunity for recruitment. The remainder of this chapter focuses on
different stages of the organism's life history, and presents the formulation and structure of the
model, drawing from the existing literature and also from expert opinion.
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5.3 GROWTH OF Upogebia africana
Hill (1967), Hanekom (1980) and Hanekom and Baird (1992) have investigated the growth of
Upogebia africana in the Kowie and Swartkops estuaries respectively. Figure 5.3 shows the
estimates of growth provided by Hill (1967) and those determined by Hanekom and Baird
(1992) in a more comprehensive study. Hanekom and Baird (1992) grouped prawns into 1 mm
size classes and constructed size class frequency histograms for each sampling date. Modal







1| = carapace length at age t (mm)
As can be seen from Figure 5.3 the Upogebia africana sampled at site 2, appeared to have had
a slower growth rate than those sampled at site 1, and in addition, those at site 2 reached a
smaller final size, leading Hanekom (1980) to refer to the two populations as 'stunted prawns'
and 'large prawns' respectively. Having examined differences in salinity, temperature,
substratum and tidal exposure between the two sites Hanekom (1980) concluded that the
differences in the growth rates at the two points was due to the greater degree of exposure to
marine water borne detritus at site 1. In support of this hypothesis, data also obtained by
Hanekom (1980) for the Krom estuary, suggested the same pattern. Prawns from the upper
reaches of the Krom estuary were considerably smaller than those sampled adjacent to the
mouth. Hanekom (1980) also reports that Christie and Moldan (1977) encountered a similar
distribution of macrobenthos in the Langebaan lagoon.
For the purposes of this model, the growth rate of prawns at site 1 was considered to reflect
growth under conditions of ideal food supply, not withstanding the effects of temperature and
salinity on growth. Hanekom (1980) has noted that temperature could affect the growth of
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prawns in two ways. In the first instance, Kinne (1970a) has shown that several marine
invertebrates grow faster and reach sexual maturity at a smaller size in the warmer parts of their
distribution, relative to the cooler parts of their distribution. Secondly, Hanekom (1980) cites
Hill (1967), who showed that if the water column temperature exceeded 27 °C, then Upogebia
africana responded by reducing the circulation rate of water through its burrow, consequently
resulting in a lower net import of suspended food particles and potentially retarding the growth
rate. Similarly, Kinne (1970b) has also shown that low salinities frequently bring about a
reduction in body size. Growth under conditions of ideal food supply as well as ideal
temperature and salinity is likely to be enhanced, and consequently a maximum size for a given




Figure 5.3 shows a comparison of the data provided by Hill (1967) and Hanekom and Baird
(1992), with the maximum size-age relationship assumed in Equation 6 above. The longevity
of individual prawns is estimated to be at least 4 years, with a maximum carapace length of
approximately 26 mm being reached.




Figure 5.3 : Growth rates of Upogebia africana as determined by Hill (1967) and Hanekom
and Baird (1992). The assumed maximum size for a given age is also shown.
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5.3.1 Effects of temperature on the mortality and growth of Upogebia africana
Vernberg (1975) has provided a descriptive account of the response of an organism to an
environmental gradient such as temperature or salinity. The middle region (biokinetic zone) is
the range of an environmental gradient, to which the organism may remain exposed for a
prolonged period (Figure 5.4). The extreme portions of the gradient are known as the lethal
zone or zone of resistance adaptation. Exposure of an organism to these extremes will result
in stress and possibly death.
However, as Vernberg (1975) points out, characterisation of these extreme zones is difficult
since both the duration and intensity of exposure to the environmental factor need to be
considered. In addition, the response of a species to an environmental factor may differ during
different stages of the life cycle of the organism. Further factors such as body size, sex,
moulting, previous exposure to environmental conditions and the season may also affect the
response of the organism to prevailing environmental gradients (Vernberg 1975). Kinne
(1970a) highlights the fact that aquatic invertebrates are subjected to simultaneous and varied
environmental changes, and consequently respond to the total resulting stress rather than to
single constituent factors, hi fact, as Kinne (1970a), Vernberg (1975) and other researchers
have shown, interpreting the response of an organism to environmental gradients is a complex
problem; very often characterised by a paucity of data due to the difficulties in designing














Figure 5.4 : The response of an estuarine organism to an environmental gradient (after
Vernberg 1975)
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In attempting to establish the response of Upogebia africana to high temperatures, Hill (1967)
observed an interesting behavioural adaptation of the organism. Upogebia africana constructs
burrows in fine mud, from which it circulates water (and therefore food and oxygen) from the
overlying body of water through two or more entrances. When circulating water of 24°C
above the burrows of aquarium Upogebia africana, the temperature of the surface water and
that of the burrow were the same. If the temperature of the circulating water was increased to
27.5°C, the organism pumped the water at a slower rate, resulting in burrow temperatures
which were slightly cooler than the overlying water. When overlying water temperatures were
increased to 32°C, pumping became intermittent, lasting for three to five seconds after which
it ceased for several minutes. As a consequence, only a small amount of water entered the
burrow and the burrow temperature continued to remain below that of the surface water. After
half an hour most of the aquarium prawns began to close down one of the entrances of the
burrow by plastering mud around the holes. After an hour, the temperature in the burrows
reached 25.5°C. Thus although Upogebia africana is capable of behavioural adaptations which
prevent the organism from experiencing conditions outside of the biokinetic zone, these
responses have a physiological cost. During these periods pumping through the burrow is
restricted and consequently the organism's access to food and oxygen is limited, both of which
have a direct effect on the metabolism and growth of the organism.
Hill (1967) thus showed that Upogebia africana were capable of buffering the effect of short
term high temperatures. To investigate the effects of longer term exposure to higher
temperatures, Hill (1967) exposed a group of prawns to a temperature of 31 °C. Survival times
varied from 2 hours to 108 hours and were found to be independent of sex or size of prawn.
To eliminate the bias introduced by extremely resistant individuals, the median time of survival
was used to describe the response of the sample in a further set of experiments. Prawns were
exposed to temperatures ranging from 28°C to 40°C. Furthermore prawns which were
collected in summer may exhibit greater resistance to the effects of higher temperatures due to
acclimation, and consequently the experiments were repeated for prawns caught in both
summer and winter. These data, including the 30%, 70% and median survival time are
presented in Figure 5.5, and show that Upogebia africana will not survive at temperatures
above 34°C, while at slightly lower temperatures there was an increase in survival time and an
associated slower dying time (Figure 5.5).
_ _
Hill (1967) highlights a zone of transition between 28°C and 30°C, below which prawns were
not killed by temperature. The upper lethal temperature of Upogebia africana was determined
to be 29±1°C. Hill (1967) found that it was not possible to distinguish between winter and
















Figure 5.5 : Survival times of winter and summer Upogebia africana at a series of
temperatures (data from Hill (1967)).
Hill (1967) also investigated the prawns living in the substratum of the power station cooling
ponds at Knysna. These prawns are exposed to consistently high temperatures, and since the
substratum is also heated, they cannot regulate burrow temperature by the mechanisms
described above. Hill (1967) found that prawns collected from the warmer part of the pond
were significantly smaller than those collected from the cooler parts of the pond. In addition
the prawns from the heated pond showed a narrower zone of thermal resistance than those
collected in summer from the Kowie estuary. Hill (1967) has argued that both observations are
due to the 'deleterious effects of frequent exposure to high temperatures'.
In support of the hypothesis that high temperatures result in smaller body size, Hill( 1967) cites
Day (1964), who found that prawns collected from Inhambane in Mozambique were only one
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third to one half of the size of those found at Langebaan, suggesting that temperatures towards
the higher end of the organisms tolerance result in smaller adult prawns. Kinne (1970a) has
observed that many marine invertebrates grow faster and reach sexual maturity at a smaller size
in the warmer parts of their distribution than the cooler parts of their distribution. Hill (1967)
has provided evidence to support this, showing that female prawns from the Kowie estuary
breed at a slightly smaller carapace size than female prawns from the cooler Uilenkraal estuary
located to the east of the Kowie estuary.
Hill (1967) established that the lower lethal temperature of Upogebia africana to be 5°C, but
remarked that since this was well below the occasional occurrences of cold (10°C) water in
Cape estuaries, temperature could not be considered a factor in the survival of adult prawns.
As outlined above, temperature nevertheless affects the rate of growth of marine and estuarine
invertebrates and it is therefore important to establish the possible consequences of lower
temperatures for Upogebia africana.
Unfortunately, apart from the more qualitative observations outlined above, no data exist which
relate temperature to the growth rate of Upogebia africana. However Hill (1967) did obtain
data which describe the relationship between temperature and the respiratory rate of different
size classes of prawns (Figure 5.6). Since the respiratory rate is an index of metabolic rate, is
reasonable to assume that respiratory rates under different temperatures give an indication of
how growth may be affected as a consequence of these temperatures. Hill (1967) reports that
the prawns did not show full activity at a temperature of 8.3°C. All size groups however, did
show a rapid increase in respiration between 12°C and 16°C, and a more gradual increase in
respiratory rate between 16°C and 29°C. A sudden decrease in respiration rate occurs above
29°C. This conforms to Kinne's (1970a) observation that 'in general rates of metabolism and
activity increase with increasing temperature over most of the species-specific temperature
range tolerated and decrease suddenly near the upper lethal limit.'
Based on the qualitative data described above, and the findings of Hill (1967) the effect of
temperature on the maximum size age relationship as described by Equation 6, was considered




















Figure 5.6 : Respiratory rates of three weight classes of Upogebia africana, determined at




Figure 5.7: Fiuiction describing the relationship between temperature and a multiplier which
reduces the growth rate of Upogebia africana in non-ideal temperatures.
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5.3.2 Effects of salinity on the mortality and growth of Upogebia africana
In comparison with the known effects of temperature on growth rates, relatively little is known
about salinity effects, although in general it is thought that in most euryhaline invertebrates
growth is restricted to significantly narrower salinity ranges than is survival (Kinne 1970b). In
addition, Kinne (1970b) maintains that aquatic invertebrates generally respire most efficiently
in salinities to which they are genetically adjusted.
In a series of experiments, Hill (1967) established that Upogebia africana could survive for
extended periods at salinities as low as 1.7 g.kg"1 After exposure of several groups of 10
prawns to different salinity conditions, Hill (1967) found that after 200 hours only one death
at a salinity of 1.7 g.kg"1. However, at exposure to 0.68 g.kg"1, 5 prawns died; and at salinities
of 0.34 g.kg"1 all 10 prawns died in the same time period. Exposure to tap water resulted in
rapid mortality, with all prawns dying within 50 hours. In a further series of experiments,
mortality due to low salinities appeared to be independent of the sex or age of the prawn. Low
salinities were found to delay moulting, although prawns could still successfully moult at
salinities of 3.4 g.kg"1. Deaths in salinities of 1.7 g.kg"' were directly subsequent to moulting.
Hill (1967) also examined the effects of salinity on respiratory rates. Respiratory rates of
prawns were measured after exposure to various salinities for 24 hours, the results of which
are shown in Figure 5.8. Lowering of the salinity below 35 g.kg"1 thus resulted in an increase
in the respiratory rate to a maximum at between salinities of 6 g.kg"1 and 8 g.kg"1. These results
are supported by the observations of Kinne (1970b) who commented that "/« euryhaline
invertebrates, rates of oxygen consumption and of related metabolic processes have been
reported to be subject to changes, particularly in the salinity range 5 g. kg'1 to 8 g. kg'". Kinne
(1970b) has noted that reduced salinity tolerances are often related to maximum metabolic
rates, and in addition that changes in salinity may not only affect metabolic rates but also
metabolic efficiency. This has been shown for euryhaline fish, but is also thought to hold for
all aquatic invertebrates. For example Reeve (1963) showed that very high and very low
salinities represented a physiological burden on developing Artemia salina embryos,
manifesting in increased energy expenditure and therefore less growth. Based the above
evidence, the relationship between salinity and growth was assumed to take the form of the
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Figure 5.8: Relationship between salinity and respiratory rate for 3 size classes of Upogebia
qfricana {after Hill 1967)
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Figure 5.9: Function describing the assumed relationship between salinity and a multiplier
to account for the limiting effects of unsuitable salinities on the growth of
Upogebia africana
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5.3.3 The effects of an interaction of temperature and salinity on the growth
and mortality of Upogebia africana
Hill (1967) showed that both temperature and salinity can act as separate and independent
limiting factors affecting the growth rate and mortality of Upogebia africana. To establish the
consequences of possible interactions between the two environmental factors, prawns were
exposed to a range of salinities at a lethal temperature, and in addition, prawns were kept at a
low salinity over a range of temperatures.
The results of these experiments indicated that survival in salinities above 1.7 g.kg'1 was
temperature independent, while at salinities below this there was a detectable decrease in
survival time with increasing temperature. For example at 1.7 g.kg"' the upper lethal
temperature appeared to be approximately 26°C, while at 0.5 g.kg"1 the upper lethal
temperature had dropped to 19°C, and at 0.17 g.kg"1 it appeared to be even lower (Hill 1967).
When prawns were exposed to lethal temperatures at different salinities, prawns survived
longer in water at 26 g.kg"1 than in 35 g.kg"1 seawater; supporting the assumption shown in
Figure 5.9 suggesting that growth rates decrease in water with salinities in excess of 26 g.kg"1.
Furthermore Hill (1967) found that the blood oxygen concentration of prawns was constant
in the range 7 g.kg"' to 26 g.kg"1, suggesting that this range of salinity resulted in an optimum
internal oxygen concentration. Hill (1967) thus concludes that although temperature has very
little effect on the survival of prawns in non-lethal salinities (>1.7 g.kg'1), salinity can have a
large effect on survival at high temperatures. Thus, if Upogebia africana are subjected to very
low salinities (e.g. for up to a week after a flood event), the upper lethal temperature limit is
reduced from 29°C to possibly 19°C depending on how low the salinity dropped.
Ecophysiological studies of estuarine organisms (Blaber 1973) often represent the interaction
of two environmental variables such as temperature and salinity as a series of curves defining
100 percent mortality and zero mortality. Combinations of temperature and salinity which lie
within the envelope of zero mortality will result in no mortality whilst those lying in the outer
envelope will experience mortality. Unfortunately such studies have yet to be undertaken for
Upogebia africana and consequently the curves shown in Figure 5.10 overleaf have been
inferred from the preceding discussion.
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Figure 5.10 : Assumed mortality curves for Upogebia africana, showing the effects of
different combinations of temperature and salinity on mortality.
Thus for the purposes of the model, the effects of temperature and salinity on the growth rate
are assumed to be defined by the curves shown in Figures 5.7 and 5.9 respectively. These
curves were determined by quadratic interpolation of selected points, from which two tables
of multipliers corresponding to respective temperature and salinities were generated.
Mortalities arising due to lethal salinities, temperatures or lethal combinations of temperature
and salinity are determined from the curves presented in Figure 5.10. Mortality arising from a








If TEMP, < 15CC (8)
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where,
PERMORTt = Percentage of the population which dies at time t
TEMPt = Temperature at time t (°C)
U100M = Upper temperature at which 100% mortality occurs (°C)
U000M = Highest temperature at which no mortality occurs (°C)
L000M = Lowest temperature at which no mortality occurs (°C)
L000M = Lower temperature at which 100% mortality occurs (°C)
The upper and lower temperatures referred to above are determined for a given salinity, as
shown in Figure 5.10 above, and expressed in the quadratic functions below :
U100M = 24.719298+(0.67105263*SAUNt) -(0.015350877*SALIN?) (9)
U000M = 22.719298 +(0.67105263 *SAUNt) -(0.015350877 *SALIN?) (10)
L000M = 9.005848 -(0.5254386 *SALINt) +(0.01125731 *SALIN?) (11)
L100M = 7.005848 -(0.5254386*SALINt) +(0.01125731 xSALIN?) (12)
where,
SALINt = Salinity at time t (g.kg"
1)
5.4 REPRODUCTION AND FECUNDITY
5.4.1 Size at sexual maturity
The size at which Upogebia africana reaches sexual maturity has been reported by several
authors, and varies from location to location. For example Siegfried (1962) indicated that
Upogebia africana in the Uilenkraal estuary reached sexual maturity at a carapace length of
11 mm, Hill (1967) reported a carapace length of 10 mm for the Kowie estuary, and Hanekom
(1980) provides a size of 12 mm and 17 mm for two locations within the Swartkops estuary.
In a subsequent review of these data, and based on the von Bertalanffy growth equations
formulated by Hanekom (1980), Hanekom and Baird (1992) suggest that sexual maturity is
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attained after 18 to 20 months. In the formulation of the model sexual maturity is assumed to
occur at a physiological2 age of 18 months. As established above, the actual size of the prawn
at this point will depend on several factors including the temperature and salinity regime the
prawn has been subject to, as well as the quality and quantity of marine detrital input available
as food.
5.4.2 Size and fecundity
Hanekom (1980) has established a positive correlation between the carapace size of female
prawns and the number of eggs produced. This relationship is described by Equation 12 below,
and is shown below in Figure 5.11:
EGGSt = 0.0224 L?
8584 (13)
where,
EGGSt = number of eggs produced at time t
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Figure 5.11 : Relationship between number of eggs carried and the size of the female
Upogebia africana (after Hanekom 1980)
Two concepts of age are incorporated in this model. Firstly chronological age refers to ihe actual number of days the
organism has lived. Secondly, the concept of physiological age incorporates the retarding effects of undesirable temperatures
and salinities. Further details are presented in the final section of this Chapter.
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5.4.3 Effect of temperature on egg development
Hill (1967) found that female prawns in the Kowie river carried eggs for 24 to 30 days, while
Siegfried (1962) reports eggs being carried for 40 days, albeit in lower salinity. The rate of
embryonic development is thought to be strongly temperature dependent (Kinne 1970a), and
as a consequence Hill (1977) investigated the effect of temperature on egg development. The
regression of incubation time on temperature as established by Hill (1977) is given below in
equation 12.
fog DTIME = 4.037-1.881 log TEMP, (14)
where,
DTIME = estimated development time (days)
TEMPt = temperature at time t (°C).
Although salinity is also thought to affect the rate of egg development in other crustaceans (Hill
1967), in the case of Upogebia africana, no supporting data are available and consequently the
possible effects of salinity on egg development were excluded.
5.4.4 Breeding season
According to Wooldridge and Loubser (1996), Upogebia africana is capable of reproduction
during most months of the year, although the onset of the breeding cycle is usually associated
with post mid-winter rising water temperatures (Hill 1977; Hanekom & Erasmus 1989). Peaks
in the breeding season have been noted, although these vary between estuaries, and possibly
even within an estuary (Wooldridge & Loubser 1996). For example data from the Swartkops
(Hanekom 1980) and Kowie (Hill 1977) estuaries suggest both spring and summer peaks,
whereas the Knysna and Uilenkraal estuaries show a single summer maximum (Hill 1977). Data
obtained from the Great Brak estuary (Wooldridge 1996, pers. comm.), suggests a unimodal
peak in December - February, decreasing during the winter months.
In the absence of any known relationship between temperature and the onset of breeding, the
proportion of ovigerous females in the estuary at any one time was estimated from the sine
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Figure 5.12 : Proportion of adult females assumed to be ovigerous for a given time of
year. Year commences on 1 October.
5.5 HATCHING AND LARVAL DEVELOPMENT
Hatching of eggs is abrupt, occurring en masse at night within the estuary, in response to
environmental cues which are currently being determined (Wooldridge 1996,pers. comm.).
Sensitivity of newly hatched larvae to temperature and salinity conditions within the estuary are
not known, and for the purposes of the model, mortality is assumed to occur in relation to adult
tolerances. The larval development of Upogebia africana, has been summarised in Section 5.2,
and makes reference to the obligate marine phase of larval development. Consequently, for the
purposes of the model, larvae which are not exported to the marine environment die within 24
hours (Wooldridge 1996,pers. comm.).
Although the association between the lunar tidal cycle and the export of zoea and recruitment
of postlarvae has been known for some time (Wooldridge 1991, 1994), recent research
provides evidence of more complex behaviour. Wooldridge and Loubser (1996) have
established that maximum export of zoea is synchronized to crepuscular high water in the
estuary, rather than the maximum tidal amplitude associated with spring tide itself, as
previously thought. Similarly, recruitment back into the estuary occurs after neaps when low
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water at sea is crepuscular. Thus as a result of the asynchronicity between the occurrence of
spring and neap tides at dusk, maximum release of larvae would occur at spring tides at the
beginning of winter, whereas in summer maximum release of larvae will occur three to four
days after spring tides, when the high tide occurs at dusk (Wooldridge 1996, pers. comm.).
Maximum incursion of postlarvae, on the other hand, will occur nearer neaps in winter and
three to four days after neaps in summer. Rather than attempting to include this asynchronicity
into the model, maximum recruitment and export was assumed to occur at neap and spring
tides respectively. For the purposes of estuary management however, it should be noted that
artificial mouth breachings should be undertaken with the above in mind.
Wooldridge and Loubser (1996) argue that the evolution of such a life history must be
functionally advantageous. For example, relative to estuaries, the marine environment is stable
with regard to temperature and salinity such conditions may be better suited to larval
development. A further reason, also related to the widely fluctuating conditions in estuaries
has been suggested by Wooldridge and Loubser (1996). They argue that the repopulation of
estuaries after extreme events such as floods, or the occurrence of hypersalinities is "likely to
be expedited from a natural reservoir of larvae present in the marine environment,
particularly on an open coastline where open inlets are often separated by relatively long
distances."
The fate of larvae at sea is not well understood. It is not known, for example, whether larvae
remain in the nearshore environment near the estuary they originated from, or wether they are
more widely dispersed. For this reason, and the uncertainties relating to predation in the marine
environment, the model has not assumed a relationship between the numbers of zoea exported
and the numbers of postlarvae recruiting into estuaries. As outlined above, export of zoea to
the marine environment may be a survival strategy for the purpose of ensuring that there is an
ample reservoir of postlarvae in the nearshore environment to sustain populations in estuaries.
For this reason, the number of zoea exported to sea is considered a key output of the model.
In considering recruitment, on the other hand, it is assumed that there are sufficient postlarvae
in the nearshore marine environment to sustain the needs of an estuary. Recruitment into an
estuary is thus unlimited, and occurs continuously when the basic requirements of an open
mouth and neap tides coincide.
. —
5.6 HABITAT AVAILABILITY AND DENSITY DEPENDENT MORTALITY
In the formulation of the model, it is assumed that mortality in the estuarine population of
Upogebia africana occurs in response to exposure to unfavourable salinities and temperatures
(Section 5.3.3). However as recruitment is not limited, the possibility of overcrowding in the
estuary exists, particularly during periods of favourable temperature and salinity.
The distribution of Upogebia africana within an estuary is limited to those areas where the
substratum is suitably fine. In areas of fine mud, populations of Upogebia africana may
approach densities of up to 500 prawns per m2 (Hanekom & Baird 1992; CSIR 1990).
Competition between adult Upogebia africana of different size classes, as well as competition
between and within size classes of juvenile Upogebia africana has not been studied.
Nevertheless it is reasonable to assume that populations of Upogebia africana are limited by
habitat availability, and for the purposes of the model density dependent mortality is assumed
to occur in relation to the function shown in Figure 5.13. hi the absence of further information
regarding competition, density dependent mortality is assumed to occur uniformly across all
size classes. The population density at any one time is determined from the habitat modelling
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Figure 5.13: Assumed density dependent mortality in populations of Upogebia africana
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5.7 MODELLING Upogebia africana POPULATION DYNAMICS
Sections 5.2 to 5.6 above describe the life history and growth requirements of Upogebia
africana, presenting both empirical data and simplified assumptions characterising the
behaviour of the organism in relation to changing environmental factors. This section attempts
to integrate the above by outlining the structure and formulation of a model to predict the
population dynamics of Upogebia africana.
5.7.1 Basic approach
As noted by Botsford (1992), over the past decade there has been a rapid growth in the number
of population models which explicitly account for attributes of population structure such as size
and age. Botsford (1992) argues further that our rapidly increasing understanding of population
dynamics is primarily due to the fact that these types of models account for the fact that
individuals at different ages, sizes, stages and location may respond differently to environmental
gradients and hence contribute differently to processes such as reproduction. In addition, at the
level of ecosystem management, population attributes such as size class distribution are
frequently used as indices of ecosystem health (C SIR 1990,1992). For this reason, and the fact
that the recruitment of a group of Upogebia africana occurs as a discrete event, an approach
whereby the growth and mortality of individual cohorts comprising the total population are
modelled, was selected.
Physiologically based growth models of individual fish (Kitchell, Stewart & Weininger 1977;
Stewart & Binkowski 1986) have been widely used and rigorously tested (Rice & Cochran
1984). These models estimate growth from consumption, based on an understanding of the
physiology of the fish as a function of their body size and temperature (Crowder et al. 1992).
In the absence of a detailed understanding of the physiology of dace (Leucisus leucisus), and
uncertainty relating to feeding and consumption, Hearne (1996, pers. comm.) related fish
growth to the single environmental variable of temperature, in an approach similar in concept
to that of'degree days' or 'heat units' frequently used in phenological modelling (Waggoner
1974). Under ideal temperature conditions the fish would grow at a maximum rate, and the size
of the organism at any time would be determined directly from a relationship relating size and
age. Under non-ideal conditions the growth rate is slower, represented in the model by a
reduction in the rate of ageing. This concept of differential ageing gives rise to two terms used
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in this discussion; chronological age and physiological age. The former refers to the actual age
of the organism whilst the latter is an expression of the nett effective increase in maturity due
to unfavourable conditions.
This model extends the approaches described above by attempting to include the interactive
effects of both temperature and salinity on the growth and development of an invertebrate.
Unlike the concepts of 'degree days' and 'heat units' which generally attempt to relate the
cumulative effects of temperature to the onset or completion of a phase of development, the
approach taken in this model incorporates the cumulative effects of unfavourable environmental
conditions on the rate of growth and final dimensions of an organism.
5.7.2 Formulation of the model
As discussed in Section 5.2, populations of Upogebia qfricana are maintained by a process of
recruitment of postlarvae into the estuary from the sea. Recruitment of a group of individuals,
hereafter referred to as a cohort, occurs as a discrete event following spring tides and provided
the mouth is open. Cohorts recruiting into the estuary in such an event are numbered
sequentially from 1, 2, 3... to /', with / denoting the cohort which recruited during the / th
event.
Let
POP, (t) denote the number of individuals in cohort / at time t,
CAGEj (t) denote the average chronological age of individuals in cohort /' at time t,
PAGEj (t) denote the average physiological age of individuals in cohort / at time t.




The rate of change in the population of cohort / is given by :
(15)
dPOP:
'- = -mortality: (16)
dt '
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where mortality is due to both density effects and lethal combinations of temperature and
salinity, given by;
mortalityi = stmortality + densmortality if CAGE, < 4 years (17)
and where,
stmortality = POPt * stmortj
densmortality = POP, * densmortj (18,19)
Note that cohorts live to a maximum chronological age of four years, so POPj is set to zero
at time CAGE; = 4 years
stmortj = is a function of temperature and salinity, as defined in Figure 5.10 and
equations 7 to 12
densmortj = density dependent mortality as defined in Figure 5.13
The rate of change in the physiological age of individuals in cohort / is given by :
dPAGE:
= sam x tarn (20)
where,
sam = salinity age multiplier, as defined in Figure 5.9, and
tam = temperature age multiplier, as defined in Figure 5.7
The size of individual prawns within a cohort is a function of the physiological age of the
cohort and is given by Equation 6, shown in Figure 5.3. Thus under ideal conditions the
prawns age one day per day and the rate of change of chronological age (Equation 6) thus
equals the rate of change of physiological age (Equation 20). The initial values of these
equations are given by :
j (t,) = recruitmentj
113
PAGE, ftj = 0
CAGEi (t) - 0
where t, is the time of the / th recruitment event, and where,
recruitment = number of individuals in a cohort recruiting into the estuary.
The total population of Upogebia africana within an estuary at time t is therefore;
UPOGEBIAt = 2S
POPi (21)
5.7.3 Formulation of management indices
Although the most simple index of estuary functioning might be a measure of total population
of Upogebia africana expressed over time (e.g. mean monthly or average annual population
numbers), a more useful performance index may be the performance of the population over
time relative to a reference state. Assuming the total population under specified conditions is
known, and denoted by RUPOGEBIAt, then an alternative index would be :
UPOGEBIA,




INDEX1t = performance index 1 at time t
However, this index only provides an indication of the numbers of prawns present at time t
relative to the number of prawns which would have been present under the specified conditions.
As the number of prawns present at time t is only an indicator of recruitment opportunity in the
absence of lethal temperatures/salinities, a normalised, cohort weighted index is suggested. In
the calculation of this index, the biomass of the / th cohort is determined by calculating the mass
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of individuals in the cohort and multiplied by population number of the / th cohort. In other
words the biomass of the / th cohort is determined and then summed over the cohorts. The
second management index expresses this value relative to the biomass of Upogebia under
specified reference conditions. Thus,
^ (PMASS.POP)
INDEX2, = V ' '
(RMASSr RPOP)
where,
PMASSj = mass of an individual in cohort /
POP, = number in cohort /
RMASSj = mass of an individual in of cohort /of population under reference conditions
RPOPj = number in cohort / of in population under reference conditions
and where
PMASSt = 0.0721 L?
1524 (24)
where,
Lt = size of the individual determined from the physiological age
Similarly RMASS, would be determined from the size of individuals under reference
conditions. The above two indices reflect performance of Upogebia africana within the
estuary. As mentioned in Section 5.5, the export of zoea into the marine environment is also
of importance. Figure 5.11 defines a relationship between the carapace size of female prawns
within a cohort, and the mass of eggs produced by the female in one brood. Assuming that 50%
of the population is female, and the proportion of the female population which is ovigerous at
any one time is described by Figure 5.12, then the mass of eggs produced by a population is
given as:
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TOTEGGS, = £ (POP* 0.5 *ovigt* eggs) (25)
where,
ovig = proportion of the adult female population ovigerous at time t
eggst = mass of eggs produced at time t by a female in cohort /






TOTEGGSt = total number of eggs produced by population at time t
RTOTEGGSt = total number of eggs produced by population under reference
conditions at time t
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6 APPLICATION OF THE MODELLING APPROACH
6.1 INTRODUCTION
All three approaches discussed in the preceding Chapters will be applied in a scenario based
case study of the Great Brak estuary. The scenarios address a variety of flow conditions
ranging from estimated pristine natural runoff to the long term mean runoff expected as a result
of the construction of the Wolwedans dam, as well as disturbance scenarios involving a
reduction in winter runoff and a flood. Prior to applying the models in a case study, the data
requirements will be discussed and some of the difficulties associated with model testing and
verification will be addressed. Where possible, limited sensitivity analyses will be undertaken.
6.2 PREDICTING ESTUARY HYDRODYNAMICS AND MOUTH CONDITION
Section 1.6 makes reference to the need for two levels of prediction, the first of which predicts
the consequences of changes in freshwater inflow for the structure and character of the estuary,
including the likelihood of mouth closure. Simulation of the physical characteristics of estuaries
at the scale of days and months is readily achieved using commercially available, one
dimensional hydrodynamic simulation programmes such as Mike 11 (Danish Hydraulic Institute
1992). Such software packages generally require bathymetric cross-sections, water level
recordings and river inflow as input data, and are capable of providing time histories of water
levels, flow velocities and even salinity through modelling of hydrodynamic and transport-
dispersion processes (Huizinga 1994). The computational approach of Mike 11 is based on
implicit finite difference techniques to solve the St Venant equations, with simulation timesteps
of between 0.5 and 3 minutes.
As a consequence simulation periods of days to months are manageable, while simulation
periods of a year or more require major computational effort, hi addition ecological processes
are seldom modelled at the same time scale as hydrodynamic processes. A water release policy,
for example, may extend over a full year, the ecological effects of which may only be evident
in the following breeding season. Booij and Sokolewicz (1990) and Holthuijsen and Booij
(1990) have emphasised the hiatus between the scale of hydrodynamic and ecological
processes, and the consequent difficulties for parallel modelling of these processes.
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For the purposes of estuary management, ecologically based models need to be run over a five
to ten year simulation period, requiring hydrodynamic information for a similar length of time.
In order to meet these needs, Slinger (1994, 1995, 1996) has developed a generalised,
mechanistic model of estuarine physical dynamics (Estuarine Systems Model). The purpose of
this model is to predict the state of the estuary mouth given freshwater inflow and the nearshore
wave condition, and provides as output; average salinity, water level and tidal flux as well as
the longitudinal salinity difference.
Although the Estuarine Systems Model only provides salinity for Station R2 (near the estuary
mouth), the Mike 11 model can be used to obtain salinity at other locations. Figure 6.1 shows,
for various inflow velocities, the relationship between salinity predicted by the Mike 11 model
at both Station R2 and R4, the latter being the most appropriate for the region of the estuary
in which Upogebio africana occurs (Figure 6.2). Salinity predicted by Slinger (1995) was thus
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Figure 6.1 : Relationship between salinity predicted by the Mike 11 model at stations R2 and
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Figure 6.2 : Location of stations in the Great Brak estuary in relation to the distribution of
Upogebia africana (CSIR 1990).
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Unfortunately the Estuarine Systems Model cannot predict estuary water temperature, and
although it is possible to obtain simulated water temperature from the Mike 11 model, water
temperature has not been regularly recorded at the Great Brak estuary and consequently no
calibration of this element of the water quality module of Mike 11 has been undertaken (Slinger
1994). Water temperatures for the estuary are known to vary seasonally between 19°C and
25°C (Slinger 1995 pers. comm.), and therefore for the purposes of this study, water
temperature is assumed to fluctuate according to the sine function shown in Figure 6.3, with
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Figure 6.3 : Assumed annual fluctuation in temperature. Day 1 is 1 October.
6.3 FRESHWATER INFLOW SCENARIOS
The Estuarine Systems Model (Slinger 1995) was thus used to generate the input data
necessaiy for the modelling approaches described in this thesis. Four sets of scenarios are
described below, representing a progressive reduction in freshwater inflow to the estuary.
These scenarios are based on hydrological modelling of the pre- and post- impoundment river
flows. In addition, two sets of disturbance scenarios are presented, whereby the four scenarios
referred to above are subjected to a flood and drought respectively.
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6.3.1 Natural runoff scenario (Scenario 1)
The natural runoff scenario (Figure 6.4) refers to runoff prior to any modification through the
construction of any dams or abstraction for irrigation, with a mean annual runoff of 34.7 x 106
m3 per year. According to Slinger (1995) under natural runoff conditions the estuary mouth
would be predominantly open, and would have remained open all year between 25 and 50 %
of a long term (>15 years). A closed mouth would have occurred on average between one and
two months per year, but would have rarely closed for more than one month at a time.
6.3.2 Pre-dam runoff scenario (Scenario 2)
This scenario represents the reduction in runoff attributable to the construction of farm dams
and consumptive use by irrigation and afforestation (Figure 6.5). Under the pre-dam scenario,
the mouth would have been open between 50 and 75 % of the time, with the mouth closing for
3 to 5 months during dry periods. Approximately once every 20 years the mouth would have
been open for less than 40% of a year (Slinger 1995). In this scenario mean annual runoff is
considered to be of the order of 24.5 x 106 m3 per year.
6.3.3 Post-dam scenarios (Scenario 3a and 3b)
It is anticipated that the estuary mouth would be open for between 30 and 50% of the time, and
once every 25 years the mouth would be open for 75% of the time (Figures 6.6 and 6.7). Once
in every 4 years the mouth will be open for between 1 and 3 months. The current assured
allocation to the estuary is 2 x 106 m3 per year, and the dam is not expected to overflow. For
this scenarios two baseflow conditions were described :
(a) An annual freshwater inflow of 10 x 106 m3 per year, distributed as seasonal baseflow.
(b) An annual freshwater inflow of 2 x 106 m3 per year, distributed as seasonal baseflow.
6.3.4 Disturbance scenarios
hi addition to the four scenarios described above, an additional set of two disturbance scenarios
were applied to each of the above. The first set of disturbance scenarios consists of a summer
flood event equivalent to the 1 in 50 yr flood volume superimposed on each of the runoff
scenarios. The second set of disturbance scenarios represents a 50% decrease in freshwater
inflow to the estuary over the period March to June. Figures 1 to 8 of Appendix A show the
consequences of these disturbance scenarios for the hydrodynamic character of the estuary.
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Figure 6.4 : Flux in key characteristics of the estuary environment in relation to freshwater
inflow anticipated under natural conditions (Scenario l)(Slinger 1995)
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Figure 6.5 : Flux in key characteristics of the estuary environment in relation to freshwater
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Fig ure 6.6 : Flux in key characteristics of the estuary environment in relation to freshwater
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Figure 6.7 : Flux in key characteristics of the estuary environment in relation to freshwater
inflow anticipated under post-dam conditions with low baseflow (Scenario
3b)(Slinger 1995)
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6.3.5 Summary of scenarios
Key characteristics of the scenarios are summarised below in relation to the freshwater inflows
which gave rise to them (Table 6.1).

































































































































































































































6.4 MODEL TESTING AND VALIDATION
At least in the early stages of model development, the value of models lies more in assisting in
the process of information and understanding consolidation than it does in their predictive
capability. As expressed by Lee (1993) "predictions of [ecosystem] behavior are... incomplete
and often incorrect. These facts do not decrease the value of models, but they do make it clear
that ecosystem models are not at all like engineering models of bridges or oil refineries.
Models of natural systems are rarely that precise or reliable. Their usefulness comes from
their ability to pursue the assumptions made by humans - assumptions with qualitative
implications that human perception cannot always detect." Once sufficient data to test their
validity and refine their formulation are available, greater confidence can be placed in their
predictive ability. Data to test the approaches described in this thesis have yet to be obtained,
and consequently it has not been possible to rigorously test any of the models.
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Nevertheless, where possible, preliminary testing and evaluation have been undertaken. In the
case of the fish recruitment index, several of the assumptions discussed in Chapter 3 are
considered below in Section 6.4.1. In the case of the Upogebia africana model, the modelling
approach is tested in Section 6.4.2 against the limited data available, with certain parameters
being subject to a sensitivity analysis in Section 6.4.3.
6.4.1 Evaluating the assumptions of the fish recruitment index
As indicated in Chapter 3, the two principal components of the fish recruitment index are the
dependency score and the optimal recruitment score. The former represents the extent to which
a species is dependent on estuaries, with different categories of dependence being allocated
various scores, based primarily on a value judgement related to the perceived importance of
estuaries for the species under consideration. Several possibilities for score allocation were
identified in Chapter 3, and these are repeated below in Table 6.2 for reference.
Table 6.2 : Dependency scores (DS,) allocated to categories offish included in the model
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The second of the two principal model components, the optimal recruitment score, is based on
data spanning several years, compiled from a variety of sources (Wallace & van der Elst 1975;
Melville-Smith & Baird 1980; Bruton et al. 1987; Whitfield 1990; Whitfield & Kok 1992). As
there is a greater level of certainty regarding the preferred recruitment periods for fish, and
furthermore as data to confirm these assumptions are continually being obtained, this
component was not subject to further testing.
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To evaluate the effect of various assumptions relating to the dependency score, the dependency
score and the optimal recruitment score were combined to form what is referred to as an
intermediate score. Thus the intermediate score reflects only the interaction of the two principal
components and not the effects of the salinity gradient, mouth condition and flow multipliers.
Chapter 3 also referred to the possibility of either an additive or a multiplicative formulation
of the index. Thus Figures 6.8 and 6.9 overleaf show, for species occurring in the Great Brak
estuary, the intermediate scores obtained by summing and multiplying the dependency score
and the optimal recruitment scores respectively, as two different formulations of the model.
The intermediate score in the case of the additive formulation is obviously lower than the
corresponding score in the multiplicative formulation as a higher value is obtained by
multiplying the maxima (5) of the two component scores than by summing them. In general,
there appears to be little difference between the assumptions in either the additive or the
multiplicative formulations, and the scores show the same relative trend.
In order to evaluate the effect of increasing the score of endemic species, a fourth assumption
was made, whereby species were scored as shown in Assumption 3 of Table 6.2, except that
the score of endemic species was not increased to 5. Thus Assumption 4 represents the most
conservative assumption in that it is weighted towards entirely dependent species and does not
include a weighting for endemic species. As shown in Figures 6.8 and 6.9 in the case of both
of the alternative formulations, the scores obtained using this assumption are considerably
lower.
An interesting difference between the multiplicative and the additive formulations is evident
particularly in the winter months, typified by lower intermediate scores. In the case of the
multiplicative formulation scores for the four assumptions converge during the winter months
whereas scores in the additive formulation do not. As fewer fish are recruiting in winter one
would expect the nett effect of different assumptions (possibly viewed as the potential 'error'
in assumption) to diminish, as shown in the multiplicative formulation. For this reason the
multiplicative formulation was selected. However it should be noted that as the index provides
a relative rather than an absolute measure of recruitment, whether one opts for a multiplicative
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Figure 6.8 : Intermediate scores obtained by adding the dependency score and optimal
recruitment score for species occurring at the Great Brak estuary. Different
assumptions reflect different score allocations for classes of dependency.
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F i g u re 6.9: Intermediate scores obtained by multiplying the dependency score and optimal
recruitment score for species occurring at the Great Brak estuary. Different
assumptions reflect different score allocations for classes of dependency.
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A second series of assumptions referred to in Chapter 3 concern the relationship between the
prevailing longitudinal salinity difference and the extent of recruitment by juvenile marine fish.
Three alternative assumptions were made (Figure 3.2, Page 65), based on the data provided
by Whitfield (1994b). Figure 6.10 below illustrates the resultant differences in the longitudinal
salinity multiplier under each assumption. Longitudinal salinity difference was assumed to











Figure 6.10 : Differences in the resultant longitudinal salinity multiplier over a 30 day
period due to alternative assumptions.. Longitudinal salinity difference was
assumed to fluctuate over the tidal cycle as shown in the lower graph.
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As shown in Figure 6.10, Assumption 2 provides the most conservative response, while
Assumption 1 returns a greater value for the longitudinal salinity difference multiplier over a
greater range of longitudinal salinity difference values. Assumption 3 provides intermediate
values, albeit weighted to the higher values of longitudinal salinity difference.
Figure 6.11 below illustrates the effect of these assumptions on the resultant fish recruitment
index, as defined by Equation 1 on Page 69, for the freshwater inflow regimes characterising
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Figure 6.11 : Flux in the fish recruitment index for a given freshwater inflow scenario
(Scenario 3b) and for three alternative assumptions regarding the relationship
between longitudinal salinity difference and the extent of juvenile fish
recruitment.
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As can be anticipated from Figure 6.10, the index responds more sharply to an increase in
longitudinal salinity difference under Assumptions 1 and 2. For longitudinal salinity differences
less than 19 g.kg'1, the fish recruitment shows a sinusoidal flux due to tidal effects for
Assumptions 2 and 3, but not for Assumption 1. This is due to the fact that, in the case of
Assumption 1, recruitment is assumed to occur at a constant, albeit low level below a
longitudinal salinity difference of 19 g.kg"'. Assumption 1 may reflect the most reasonable
assumption, as it is unlikely juvenile fish will respond as closely to the flux in longitudinal
salinity gradient as is suggested by Assumptions 2 and 3 in Figure 6.11.
As suggested above, Assumption 2 reflects the most conservative description of the relationship
between juvenile fish recruitment and the prevailing longitudinal salinity difference, while
Assumption 1 represents the strongest expression of this relationship. Similarly when
considering the dependency score, Assumption 1 in Figure 6.9 shows a greater resultant score
than Assumption 4, which weights the score to dependent species only and does not account
for the presence of endemics. Combining the two most conservative assumptions and the two
least conservative assumptions thus results in an envelope of possibility for each freshwater
inflow scenario. Figure 6.12, thus shows the maximum and minimum score for the fish
recruitment index, under the freshwater inflow regime described by Scenario 3b.














\f \ \ f
50 100 300 350150 200 250
TIME (days)
Least conservative Most conservative
Figure 6.12 : Maximum and minimum probable scores for the fish recruitment index under
particular freshwater inflow characteristics (Scenario 3b)
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The final component of the fish recruitment index discussed in Chapter3 is the inclusion of a
multiplier to account for the deleterious effects of very low or very high flows (Section 3.2.4,
Pg 66). The latter occurs due to loss of suitable habitat arising from high flows, whereas the
former is as a result of insufficient cues reaching the marine environment to trigger large scale
recruitment. To illustrate the effect of including the flow rate multiplier, two scenarios are
presented in Figure 6.13 below.
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Figure 6.13 : The effect of including a flow rate multiplier on the fish recruitment index.
The upper graph corresponds to natural runoff (Scenario 1), whereas the
lower graph represents a 50% decrease in flow from March to June.
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However, this component of the fish recruitment index is the least developed to a lack of
supporting recruitment data, and particularly the flow conditions over which the recruitment
was recorded. It is presented here as an opportunity for potential development of the index,
subject to further testing and evaluation amongst estuarine biologists.
6.4.2 Preliminary validation of the Upogebia africana production model
Wooldridge (1994) surveyed the Upogebia africana population in the Great Brak estuary in
January and late August 1992, and as the population was limited to a 150m radius in the lower
estuary, it was possible to sample the entire area populated by mudprawns on both occasions.
The sampling was repeated subsequent to this initial assessment in May and August 1993, and
in March and August of every subsequent year. Figure 6.14 shows a frequency histogram of
the size class distribution of mudprawns for the two sampling periods in 1992 (Wooldridge
1994). Also shown is a frequency histogram of size class distribution for the permanently open
Swartkops estuary, illustrating the extent to which the population in the Great Brak had
become skewed towards the adult size classes due to the fact that juveniles could not recruit
into the estuary because of extended periods of mouth closure (Wooldridge 1994).
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Figure 6.14 :Size class frequency distributions of Upogebia africana at the Great Brak
estuary for two sampling periods. Also shown is a typical size class distribution
for the permanently open Swartkops estuary (after Wooldridge 1994).
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In order to test the validity of the Upogebia model, the model was run to test whether
predicted size class distributions were comparable to those found by Wooldridge (1994).
Although actual salinity and temperature measurements on a regular basis are not available for
the period 1986 to 1992, the condition of the mouth over the period is known. These data,
together with temperature determined from the function in Figure 6.3 were used as inputs to
the model. Salinity in the estuary was assumed to vary with tidal influence under open mouth
conditions (Slinger 1995 pers. comm), reducing gradually to approximately 2 to 4 g.kg"1 under
closed mouth conditions, depending on the length of time the mouth remained closed. Results
of the recorded and predicted size class frequency distributions for the first two sampling
























Figure 6.15 : Comparison of observed an predicted Upogebia africana size class frequency
distributions for 3 sampling dates, namely January 1994, August 1994 and
August 1996 (Wooldridge 1994; Wooldridge \996,pers. comm).
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Given that these simulations were undertaken on the basis of assumed salinity and temperature,
and with no information regarding patterns of predation or recruitment success, the simulations
show a surprising degree of similarity to the findings of Wooldridge (1994). For example
during the first two sampling periods, the model results predict the distribution of prawns over
a similar range to that of Wooldridge (pers. comm.) with comparable peaks in the size class
distribution. More significantly the model predicts the appearance of cohorts in the 12 to 13
mm size class in August 1992 which would have recruited due to the open mouth conditions
during the previous summer. In the final sampling period the predicted size class distributions
occur over a much wider range of sizes, similar to that of the observed data, and closer to that
expected from a system with greater opportunity for recruitment, such as that shown for the
permanently open Swartkops (Figure 6.14).
The most obvious discrepancy between the observed and predicted size class frequency
distributions is that the latter is generally smoother, with some prawns represented in each of
the size classes over the range. In contrast the predicted size class distributions show gaps in
the distribution, with relatively higher occurrences of prawns in certain size classes. For
example in the first sampling period (January 1992), approximately 14 % of the population was
recorded in the category 16 to 18 mm, whereas the model predicts the occurrence of
approximately 10 % in the 15 mm size class only. A similar pattern is evident in the last
sampling period where no prawns are predicted in the 15 and 16 mm size classes, whereas they
were recorded in these size classes in the field. Also noteworthy is the fact that the model
predicts relatively higher occurrences of prawns in the immediately adjacent size classes (Figure
6.15). This phenomenon may be attributable to aprimary assumption of the model, namely that
the growth of all individuals within a cohort occurs at the same rate. As has been suggested by
others (De Angelis & Gross 1992), growth rates within a cohort are likely to vaiy and
consequently the size class frequency distribution is likely to be smoother than that predicted,
as a proportion of prawns in a cohort will grow more slowly and will therefore be recorded in
a lower size class while another fraction may grow more quickly and would consequently be
recorded in a higher size class. The model therefore preserves the size class distribution
anticipated on the basis of recruitment opportunity. For example the predicted gap in 15 and
16 mm size class distributions, corresponding to an age of between 12 and 14 months, occurs
because the mouth was closed between 4th June and 6th September, except for two short periods
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of 7 and 4 days. Recruitment during this period would have been unlikely, or at least very
limited and therefore it is reasonable to assume that the prawns recorded in these size classes
are represented as a result of differing growth rates of cohorts recruiting before and after the
period of mouth closure.
In addition to the available information pertaining to size class frequency distributions,
estimates of prawn density are also available (CSIR 1990, CSIR 1992, Wooldridge 1996pers.
comm.). Although different sampling methods were used, all surveys of prawn density were
based on a count of observed prawn burrow holes. These estimates have been converted to
individuals per nr , using the standard method (CSIR 1990). Figure 6.16 shows a composite
of these data sources reflecting the recorded decrease in density due to the construction of the
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Figure 6.16: Changes in density of the Upogebia africana population (prawns.m"2) over the
period 1989 to 1996, as determined from several sources (CSIR 1990; CSIR
1992; Wooldridge 1996,pers. comm.).
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As is evident from Section 5.5, recruitment of postlarvae was not considered to be dependent
on populations within the estuary, and was assumed to occur from an unlimited reservoir in the
marine environment. Initial attempts to predict prawn density on the basis of this assumption
were unsuccessful, as selection of a fixed recruitment level could not generate the exponential
increase in population indicated by the observed data. This suggests that recruitment is strongly
related to the current population within the estuary and consequently the model was modified
to account for this. Recruitment was thus related to the number of eggs produced by adult
female prawns, which is in turn related to the size of these female prawns (Section 5.4). These
eggs were assumed to develop into zoea and exported to the marine environment if conditions
were correct, and could then return to the estuary between two weeks and a month later if the
mouth was open during this period.
When implemented in this manner the model predicted considerably improved estimates relative
to the observed prawn densities. Only a small fraction (0.001%) of eggs were required to return
as postlarvae in order to sustain the population at observed levels. However, predictions
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Figure 6.17 : Comparison of observed and predicted prawn density, suggesting densities
higher than those actually recorded.
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Closer inspection of the size class frequency distributions between August 1992 and May 1993
showed an apparent reduction in the adult population. Whereas in August 1992 the population
was almost entirely adult, approximately nine months later the adult population was
considerably reduced (Figure 6.18). A reduction of this nature could not occur as a result of
natural die-off in the adult population, suggesting that loss of adults occurred by some other
means. Inspection of the hydrological record indicated that on 16 October 1992 the dam filled
for the first time due to heavy rains in the catchment. As a consequence of dam overtopping
the estuary was subject to a flood event approximately equivalent to the 1 in 5 year flood.




Figure 6.18 : Comparison of observed size class frequency histograms for the periods August
1992 and May 1993 (Wooldridge \996,pers. comm).
Given the effects of a medium flood noted by Hanekom (1989), it is not unreasonable to
assume that the reduction in the population between the August 1992 and May 1993 could be
attributed to this flood event. Similarly there is no explanation for the decline in the population
density recorded between January 1989 and February 1991. Although no observed size class
distributions are available for this period to confirm an abrupt decrease in density, a flood was
recorded in October 1989. Assuming that these flood events did in fact bring about a decrease
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in population density, the model was systematically re-run assuming different mortalities due
to the floods. Mortalities in the region of 90% for the first flood and 40% for the second flood
were found to provide a reasonable match between predicted and observed prawn density for
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Figure 6.19 : Comparison of predicted and observed prawn densities, assuming that the
floods in October 1989 and 1992 reduced the prawn population.
Thus although the Upogebia africana model has not been systematically validated, preliminary
testing suggests that the model does provide an indication of the response of the population to
known changes in the environment, in accordance with expected behaviour and the limited data
available. However in order to develop a more comprehensive understanding of the
performance of the model, a preliminary sensitivity analysis of the key assumptions and
parameters of the model is presented in Section 6.4.3. It is on this basis that parameters were
selected for undertaken the scenario simulations in Chapter 7.
140
6.4.3 Sensitivity analysis of parameters in the Upogebia africana model
The Upogebia africana production model comprises a number of assumptions, some of which
are supported by field and laboratory observation and others which have been determined on
the basis of expert opinion. Table 6.3 below provides a summary of the key assumptions and
uncertainty in the model, and also provides and indication of the degree of uncertainty
associated with each parameter.
Table 6.3: Key assumptions of the model, basis or source of the assumption / parameters
and estimate of level uncertainty.
ASSUMPTION / PARAMETER
Relationship describing maximum size
for a given age (Figure 5.3 Pg. 95)
Relationship between temperature and
the temperature-age multiplier (Figure
5.7 Pg. 100)
Relationship between salinity and the
salinity-age multiplier (Figure 5.9, Pg.
102)
Mortality due to the interaction of
unfavourable salinity and temperature
(Figure 5.10, Pg. 104)
Relationship between carapace size of
female prawn and fecundity (Figure 5.11
Pg. 106)
Proportion of adult females ovigerous for
a given time of year (Figure 5.12 Pg.
108)
Density dependent mortality
Figure 5.13 Pg. 110)
Fractional mortalities of returning
postlarvae
SOURCE
Expert derived assumption based
on three datasets at different
locations
Expert derived assumption based
on ecophysiological responses of
prawns to a range of temperatures
Expert derived assumption based
on ecophysiological responses of
different size classes of prawn to a
range of salinities
Limited laboratory data concerning
survival times and expert opinion
Derived from field data
Anecdotal evidence, very limited
field data
Limited data concerning maximum
density
Assumption based on initial model












Each of the key assumptions indicated above was tested in a rudimentary sensitivity analysis
by systematically increasing and decreasing the value of the parameter concerned (by 5% and
15 %) and plotting the resultant effect on the three primary indicators. Figures 6.20 to 6.26








//M im /.//& //M. / /













2000000000 - n n r
250 §00 750 1000 1250 1500 1750 2000 2250 2500
• 5 % - 5 % •15%
Figure 6.20 : Results of the sensitivity analysis showing the effect of increasing and
decreasing the parameter describing maximum size for a given age by a
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Figure 6.21 : Results of the sensitivity analysis showing the effect of increasing and
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Figure 6.22 : Results of the sensitivity analysis showing the effect of increasing and
decreasing the value of the relationship describing mortality due to the
interaction of unfavourable temperature and salinity.
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Figure 6.23 : Results of the sensitivity analysis showing the effect of increasing and
decreasing the parameter describing fecundity for a given carapace size by a
constant percentage over the period of simulation.
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Figure 6.24 : Results of the sensitivity analysis showing the effect of increasing and
decreasing the parameter describing the proportion of ovigerous females by a
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Figure 6.25 : Results of the sensitivity analysis showing the effect of increasing and
decreasing the parameter describing density dependent mortality by a constant
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P1 : iPOP = 2 500 000 FMORT = 0.999
P3 : iPOP = 2 500 000 FMORT = 0.997
P2:iPOP = 7 500 000 FMORT = 0.999
P4 : iPOP = 7 500 000 FMORT = 0.997
Figure 6.26 : Results of the sensitivity analysis showing the effect of selecting different initial
populations (iPOP) and fractional mortalities of returning postlarvae (FMORT).
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A comprehensive sensitivity analysis of the effects of errors of assumption or estimation of all
parameters is beyond the scope of this thesis. The purpose of undertaking the sensitivity
analysis in this chapter is to firstly demonstrate an approach which could be utilised as part of
the process of using the model in an estuary management decision making context. The second
purpose of this sensitivity analysis is to determine, whether in the case of the scenarios
considered herein, inaccuracies of parameter determination would change the ranking of any
of the scenarios.
Appendix B provides a summary of the average and maximum values obtained for each of the
three principal indices, grouped according to the percentage change in the assumption or
parameter under consideration. Table 6.4 below presents this information as a percentage
change in the mean or maximum value obtained by each index for a given percentage increase
or decrease in the parameter value.
Table 6.4 : Summary of sensitivity analysis expressed as percentage change in indices
associated with a given change in parameter value




























































































































































































































































As shown in Tables 6.4 and Appendix B, a 5% under- or overestimate of the maximum size for
a given age relationship results in a change in biomass of the same order of magnitude. For
higher levels of error (15%) the resultant effect on the biomass index is relatively higher. The
effect of smaller error on the total population is minor, although in the case of higher error
levels (15%) is more evident, resulting in either an increase of 6% or a decrease in population
number of 9%. The effect on the number of eggs produced is considerable, increasing the mean
number of eggs produced, if the maximum size for a given age relationship is overestimated by
15%, by more than 40%. This is due to the exponential relationship between the carapace size
of a female prawn and the number of eggs such an individual can produce. Although this index
appears to be sensitive to uncertainty associated with this relationship, it should be noted that
the maximum size-age relationship is one of the stronger assumptions of the model (Table 6.3).
All indices appeared to be relatively less sensitive to errors of assumption associated with the
temperature-growth and salinity-growth multipliers. This is also the case, and to a greater
degree, with the salinity and temperature mortality functions. However this assessment may be
misleading in that as the model was run using the natural runoff scenario, occurrences of
deleterious salinities and temperatures is infrequent. As the occurrence of these conditions
increases, it is likely that the indices will show greater sensitivity to errors in defining these
relationships. The implication of this is that a sensitivity analysis should form part of all
scenario-driven simulations used for estuary management.
Sensitivity analyses of the relationship between carapace size and female fecundity, as well as
the proportion of the female population which is ovigerous at a given time, showed similar
responses. In these cases a change of a certain percentage in the function results in a change
in the indices of generally less than the value by which the assumed function was changed.
According to Hearne (1998,pers. comm.), for a small change in a parameter value the response
in the performance indicator (e.g. biomass or total population) is linear (corresponding to the
first order terms of a Taylor Series Expansion about the reference values), hi this case the effect
of a combination of parameter changes can be determined by simply summing the individual
responses.
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Figure 6.26 shows the influence of a choice of initial population and the fractional mortality of
returning postlarvae on the performance of the indices. Higher fractional mortality results in
a correspondingly lower biomass. The influence of the choice of initial population level only
appears to influence the time the model takes to reach steady state.
The second purpose in undertaking the sensitivity analysis was to determine whether increasing
or decreasing the value of a parameter would influence the ranking of alternative scenarios.
This was done by selecting the maximum size-age relationship (as an example) and increasing
and decreasing the value it returns in a simulation by 15%, as was done to produce Figure 6.20.
However in the latter case only one scenario (Scenario 1) was used as input data, whereas in
this case the model was run for all four of the principal scenarios. The results of this exercise
are presented in Table 6.5 below.
Table 6.5 : Results of a sensitivity analysis whereby a constant error of + 15% and -15%
was assumed in the value returned for the function describing the maximum
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Table 6.6 below provides a ranking of each of the scenarios under consideration, for the three
different assumptions. Maximisation of the index was assumed to be the objective function in
ranking the scenarios.
Table 6.6 : Ranking of scenarios assuming an underestimation and overestimation of 15%











































As is evident from Table 6.5, the sensitivity analysis shows that in the case of the total
population and number of eggs indices, errors of assumption may affect the ranking of
alternative scenarios. When considering the biomass index, a 15% overestimate or
underestimate does not influence the relative ranking of the scenarios. Thus in the case of the
total population index, while the last position in the ranking is consistently Scenario 3b, the first
three positions vary, depending on the assumption of error. However it should be noted that
differences between index scores are small, particularly in the case of Scenarios 1 and 2. A
similar response is evident in the number of eggs index, except that for all three assumptions
the last two places in the ranking are constant.
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What has this sensitivity analysis shown concerning use of the Upogebia africana production
model in the context of estuary management? Firstly it should be stressed that the model needs
to be used as a supportive tool within the current decision making process. As discussed in
Chapter 2, the most successful model for estuary management which has been tested in South
Africa thus far, involves collective decision making by a panel of experts representing various
disciplines within the general field of estuary science, in association with the affected
community. Use of the model (and indeed the other models) in this context should occur on
the basis that all specialists are conversant with all the assumptions of the model. The
assumptions should be revisited at the beginning of each worksession to permit each scientist
to gauge and estimate confidence in each of the assumptions for the particular estuary being
considered. Confidence estimates generated in this manner could be used to define the
parameters and the extent to which sensitivity analyses are undertaken within the decision
making process.
Secondly the notion of sensitivity needs to be approached from a broad perspective. As
suggested in the preceding discussion (Pg 151), the results of a sensitivity analysis are in some
cases, dependent on the input scenarios used to derive the results. This once again suggests that
a sensitivity analysis should forrn an integral part of running the model.
In summary, this Section set out to illustrate a methodology whereby the consequences of
different assumptions regarding relationships within the model could be tested. In the case of
the four principal scenarios, this exercise illustrated that errors of assumption could lead to
changes in the ranking of certain scenarios, and therefore by inference the scenario which is
chosen for management implementation. However it should be recognised that the primary
input data for the model (inflow, salinity, temperature etc.) in the case of these scenarios was
schematic, and in the case of temperature and salinity based on certain assumptions. Testing
the model using accurate hydrodynamic data may provide a better indication of the
performance of the model. Nevertheless, this emphasises the need for sensitivity analysis to
fonnthe core of any application of the model.
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7 MODELLING RESULTS AND DISCUSSION
7.1 RESULTS
The results of applying each of the three modelling techniques in 12 scenarios for the Great
Brak estuary are presented below. Assumptions and limitations of the approaches are discussed
further in Section 7.2.
7.1.1 Results of the fish recruitment index
Results for each of the three sets of four scenarios are presented in Figures 7.1 to 7.3, and
Figure 7.4 presents a summary of these results, in relation to the annual runoff for the scenario.
(i) Natural runoff scenario
Under the natural runoff scenario the mouth closes for approximately two weeks in June due
to low inflow, thereby limiting recruitment. During the remainder of the simulation the mouth
is open and the axial salinity difference is higher than 20 g.kg'1, and as a consequence juvenile
fish recruitment occurs at the potential maximum, resulting in a mean annual score of 206.
Furthermore the mouth closure occurs at a time when only 4 of the possible 16 species are
recruiting, and these species also recruit outside of the period of closure.
(ii) Pre-dam runoff scenario
A reduction in inflow due to attenuation by minor impoundments as well as abstraction results
in a more frequent mouth closure, with the mouth closing in late December as well as in June.
However as freshwater inflow is sufficient to maintain the axial salinity gradients, recruitment
occurs at maximum potential, except for the periods of mouth closure. Although the mouth
closure occurs at the peak of the recruiting period, this constitutes only 12% of the peak
recruiting period, and thus the mean annual score remains high at 185.
(iii) Post-dam scenario (maximum expected flow)
Under this scenario the mouth is closed for 50% of the time, with reductions in the axial salinity
gradient occurring in response to reduced inflow. Nevertheless the mouth is open for sufficient
periods of time to permit recruitment for all 16 species to occur. The mean annual score is
reduced to 94.
(iv) Post-dam scenario (average base flow)
Flow is sufficient to maintain an open mouth for a similar period of time, although axial salinity
differences are severely reduced due to limited inflow. As a consequence, recruitment never
reaches potential maximum and a very low annual score of 15 results.
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Figure 7.1 : Fish recruitment index for the natural runoff scenario, pre-dam runoff scenario,
and the two post dam runoff scenarios under maximum and assured baseflow
v respectively. Day 1 is 1st October.
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Figure 7.2 : Fish recruitment index for the natural runoff scenario, pre-dam runoff scenario,
and the two post dam runoff scenarios under maximum and assured baseflow
v respectively, assuming a 1: 50 year flood in late summer. Day 1 is 1st October.
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Figure 7.3 : Fish recruitment index for the natural runoff scenario, pre-dam runoff scenario,
and the two post dam runoff scenarios under maximum and assured baseflow
• respectively, assuming a 50% reduction in baseflow during March to June.
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(v) Disturbance scenarios
The two disturbance scenarios (1:50 year flood and 50% less baseflow during the period March
to June) are characterised by slightly increased (35.6 x 106m3) and sightly decreased (30.0 x
106m3) mean annual runoff with respect to the natural average conditions (34.7 x 106m3).
However all three inflow scenarios permit the maintenance of an adequate axial salinity
difference and thus while the mouth is open, recruitment is predicted to occur at full potential
resulting in no differentiation between the scores for the three scenarios and a mean annual fish
recruitment index of 206.
Under pre-dam conditions, the two disturbance scenarios have relatively greater effects,
resulting in a slightly higher mean annual fish recruitment index for the flood scenario (188) in
comparison with the average conditions (185) and the reduced baseflow conditions (184).
Under post dam conditions the fish recruitment index reduces to 94 for the average and flood
scenarios, and to 84 for the dry scenario with 50% less baseflow between March and June.
Finally under conditions of very reduced freshwater inflow the flood scenario results in a mean
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Figure 7.4: Summary ofall the simulations, showing the relationship between mean annual
o runoff and performance of the fish recruitment index.
159
7.1.2 Results of the Habitat Modelling
Results of the habitat modelling for the four scenarios under average conditions are shown in
Figure 7.5. The figure summarises flux in water level as well as intertidal habitat and mean
available habitat for Upogebia africana. As is evident from the four scenarios an increase in
mouth closure results in higher water levels being maintained for longer periods of time and a
cessation of tidal inundation. As a consequence, during these periods there is no intertidal
habitat.
Figure 7.6 shows the decrease in mean annual intertidal habitat with reducing freshwater inflow
for the four scenarios under average conditions. The change in total intertidal area as well as
intertidal mudflats and intertidal areas characterised by fine sand is also shown. Thus the
reduction in freshwater from natural conditions to the post dam scenario with assured baseflow
results in a halving of the intertidal habitat.
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Figure 7.5 : Decrease in mean annual intertidal habitat, and intertidal habitats of different
» substrata, with reducing freshwater inflow.
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Figure 7.6 : Flux in water level, intertidal habitat and mean available Upogebia africana
habitat for the four scenarios (natural runoff, pre-dam runoff, post dam ninoff
* with maximum baseflow and post dam runoff with assured baseflow).
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7.1.3 Results of the Upogebia model
The Upogebia model provides several output variables, namely; total prawn population
(number of individuals), the percentage of the population in the juvenile size classes (less than
7 mm carapace length), the number of postlarvae successfully recruiting back into the estuary,
the population density (prawns, m"2), the biomass of the population (g.m"2), and the number of
zoea exported to the marine environment. The model was run to steady state for each of the
scenarios to permit the establishment of a population under the each of the different freshwater
inflow regimes. Figures 7.7 to 7.10 show the results of the four scenarios under average
conditions. The results of the two disturbance scenarios representing a 1 : 50 year flood and
reduced baseflow conditions are given in Appendix B, Figures 1 to 8.
Under conditions of reduced inflow the population takes longer to establish and longer to reach
steady state. Scenarios associated with higher inflow conditions show a greater proportion of
the population consisting of juveniles. However, populations under low inflow conditions,
although taking longer to establish, appear to persist with a higher biomass. As the total
population numbers are relatively comparable for the scenarios, this obviously suggests that the
prawns on average are larger, as is suggested by the increased proportion of adults in the
reduced inflow scenarios. Consequently when the mouth does open relatively more zoea are
exported and more postlarvae recruit back into the estuary, due to the fact that larger prawns
have higher fecundity.
Chapter 5 referred to three management indices, namely; the total population number, the
biomass and the number of eggs produced. With respect to the latter management index, eggs
which hatch and zoea cannot be exported to the marine environment die within 24 hours, and
consequently the number of exported zoea was considered a better management index than
simply the number of eggs produced. The mean annual management index in respect of these
three attributes are shown in Figures 7.11 to 7.13., in relation to the freshwater inflows which
characterise each scenario. The performance of the population under natural conditions was
selected as the reference simulation, hi addition to these three management indices the other
three outputs of the model (proportion of juveniles in the population, number of returning
postlarvae and the population density) are also expressed as normalised indices in relation to
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Figure 7.9 : Results of the Upogebio africana model run to steady state for post dam runoff


















Figure 7.10 : Results of the Upogebia africana model run to steady state for post dam runoff
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Figure 7.11 : Performance of the population number management index and associated
freshwater inflow for all 12 scenarios.
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Figure 7.12: Normalised index of population density and associated freshwater inflow
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Figure 7.13 : Performance of the exported zoea management index and associated freshwater
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Figure 7.14: A normalised index showing proportion of the population which are juveniles
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Figure 7.15 :Normalised index of the number of returning postlarvae and associated
fieshwatei" inflow conditions for all 12 scenarios.
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Figure 7.16: Perfonnance of the biomass management index and associated freshwater
inflow for all 12 scenarios.
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7.2 DISCUSSION
7.2.1 Discussion of the fish recruitment index
A primary assumption of the Fish recruitment index is based in the observation that recruitment
of juvenile marine fish is limited in the absence of strong axial salinity gradients. Understanding
of recruitment processes of juvenile marine fish is currently very limited, and is hampered by
the difficulties of larvae identification and sampling. While it has been suggested that juvenile
fish are not responding to the axial salinity difference/?er se (Whitfield 1994b), it is not known
whether all species respond to the flow conditions which give rise to axial salinity differences
in the same way. Until evidence to the contrary is proposed, equal response of juvenile marine
fish to prevailing axial salinity differences is assumed, and as this assumption is associated with
the greatest degree of uncertainty, it may be the major weakness of the approach.
An additional source of error may be the assumptions regarding the recruitment preferences
of the species included in the model. Although these data were compiled from a wider source
of information and greater period of observation than the data pertaining to recruitment under
various axial salinity gradients, it should be borne in mind that these data represent seasonal
trends only. Recruitment of postlarvae is most probably more directly related to sea
temperatures which trigger spawning and regulate the rate of egg and postlarvae development.
This would suggest that the same species might recruit over a longer period in the warmer
subtropical waters, in comparison with the cooler temperate waters.
The results of the fish recruitment index are also based on the assumption that the 26 species
which are represented in the model adequately reflect the range of species utilising estuaries.
However as further information regarding the recruitment preferences of other species becomes
available, it can be easily added to the fonnulation. Similarly the weighting for each category
of dependency or the weighting for endemism can be readily adjusted.
Although the fish recruitment index is based on several assumptions which still require
additional verification, the formulation does combine the current understanding regarding
recruitment processes with a value judgement based assessment of the conservation importance
of each species considered in the model. If the assumptions of the model are found to be valid,
then this methodology would provide a means to objectively compare different freshwater
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inflow scenarios on the basis of the consequences for the 'nursery value' of estuaries; one of
the primary ecological functions attributed to these ecosystems.
Notwithstanding the considerable scope for testing and further development of the fish
recruitment index, initial application in the Great Brak estuary suggested that annual runoff to
the estuary could be halved without an appreciable decrease in the fish recruitment index, but
with a potentially sharp decline thereafter. While the index represents recruitment opportunity
rather than actual recruitment, the index does at least provide an indication of where ecological
risk is likely to increase substantially.
7.2.2 Discussion of the Habitat Modelling
Chapter 4 presents a methodology for assessing change in various physical attributes of the
estuarine environment. In particular, a method for assessing change in habitat which could
potentially be used by a species is proposed. However these approaches are based on several
key assumptions, the most significant of which relate to the manner in which data are obtained.
As noted in Chapter 4, bathymetric characteristics, as well as sediment and vegetation
distribution are seldom mapped at the same scale with the same degree of accuracy, and
consequently it is usually difficult to integrate these datasets. hi the case of the Great Brak
estuary, for example, sediment distribution was mapped on the basis of schematic diagrams and
narrative descriptions.
There are obvious advantages to presenting spatial data in the manner proposed. For example
mapping these attributes at regular intervals permits rapid assessment of change, thus
overlaying bathymetric maps compiled at different times will identify where deposition and
erosion have occurred. Similarly two vegetation maps would show where die-back or
colonisation is occurring, providing a useful monitoring tool. More importantly, this approach
allows assessment of components in relation to other elements of environmental change.
Variation in water level (exposure and innundation) and salinity are usually the primary factors
influencing the distribution of vegetation in estuaries (Adams 1994). and often give rise to a
distinct zonation (Day 198Id). As the tolerances of species to innundation are well known
(Adams 1994), it is possible to predict the consequences of changing water levels for different
vegetation communities. Indeed, if the approach described above provides a meaningful
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framework for the analysis of habitat potential in an estuary, there should be a strong
correlation between the occurrence of vegetation and seasonal fluctuations in inundation and
exposure, particularly given that water level appears to be a primary factor in determining
habitat for vegetation (CSFR 1990). Testing of this hypothesis was not possible as the
bathymetric and vegetation maps upon which the habitat analysis is based, were compiled from
different sources, collected for different purposes and required considerable manipulation to
be integrated into the same dataset. As efforts to produce a dynamic estuarine vegetation model
are currently underway (Busse 1996,pers. comm.), this aspect was not pursued further.
A useful output of the approach which has been demonstrated however, is the facility to
demonstrate the change in intertidal area, and species-specific habitat associated with each of
the freshwater inflow scenarios. Intertidal areas are considered an important component of
estuary habitat and are particularly important for particular groups of species such as waders.
Estuarine mudbanks and sandbanks are also important for roosting birds (Cyrus 1996), if the
prevailing water level becomes too high (>15 cm) these habitats are then not available to
roosting birds. Although not demonstrated for the Great Brak estuary, precisely the same
methodology can be used to evaluate flux in roosting habitat for birds as was used to determine
change in intertidal area. Similarly the change in any defined set of environmental factors can
be evaluated. For example if a biologically significant vegetation community is known to
flourish under a particular inundation regime, the consequences of changing the freshwater
inflow and therefore the innundation regime can be explored.
One key assumption of the above approach in its current form should however, be noted. In
the application of the approach to the Great Brak estuary, a constant water surface elevation
was assumed. In reality the water surface slopes seawards, and thus at the same inflow rate the
water may be at 0.71 m (MSL) at point A in the estuary and 0.68 m (MSL) at point B, closer
to the estuary mouth. The implication of this is that the analysis of habitat should be
compartmentalised into areas of similar water surface elevation. As hydrodynamic models
compute water levels for each of the contiguous network of cells, these data are usually readily
available. The analysis of habitat in the estuary would then occur by hydrodynamic cell, and
would be summed to provide an overall value for the estuary.
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7.2.3 Discussion of the Upogebia Model
The Upogebia africana model represents a first attempt to link processes operating at a
physiological scale to those operating at a population scale, in an approach to the management
of estuaries in South Africa. This need has recently been recognised as an important component
of ecosystem management, "complete understanding or resolution of issues usually requires
integration across several scales and levels of organisation. To determine mechanisms, we
must often investigate processes operating at lower levels of organisation (say physiology or
reproductive biology in the endangered species populations) as well as appreciate the context
or higher levels of organisation within which the processes operate"" (Christensen et al. 1996).
This approach has consequently relied on several assumptions, the most significant of which
probably concern the translation of a laboratory based understanding of the organisms response
to change in temperature and salinity to that which may occur in a natural system. The assumed
tolerances and preferences for salinity and temperature, the growth rates for a given
physiological age, and indeed the very notion of a physiological age all require further
investigation. As already noted elsewhere in the text, these tolerances are likely to be life-stage
dependent, whereas the model formulation has assumed similar responses for all life stages.
Important adaptive mechanisms such as acclimation have not been considered and neither has
the likely notion that geographic distribution (and therefore seasonal temperature regime) is
also likely to have a bearing on the response of a population to environmental change.
Assumptions regarding recruitment of postlarvae are perhaps the weakest of all. Virtually
nothing is known about mortality of zoea in the marine environment and the conditions under
which postlarvae return to the estuarine environment have only recently been determined
(Wooldridge & Loubser 1996). The model has however provided evidence that continual
recruitment into populations of Upogebia africana within an estuary is strongly dependent on
the existing population. Should a population within an estuary be lost due to mouth closure or
a discrete flooding or pollution event, re-establishment by recolonisation from an adjacent
estuary may occur slowly.
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The limits of population growth are also not well understood. Although maximum recorded
densities approach 500 individuals per m2, the dynamics of recruitment and the effects of
predation are not known. For example it is not known whether populations are maintained at
this upper level by predation or juveniles are not able to establish themselves if adult densities
are too high. Despite these uncertainties, in formulation of the model a density dependent
mortality is assumed. Thus increasing mortality is assumed to occur across all size classes as
the population reaches its upper assumed limit. This assumption has yielded an interesting
result in the behaviour of the model.
At low inflows the mouth is closed more frequently and consequently recruitment is limited.
The population therefore takes a longer time to establish and is ultimately characterised by
lower densities than the population established by a natural flow regime. In contrast, however,
populations established under a reduced freshwater inflow regime appear to be characterised
by a higher biomass, due to the fact that a smaller proportion of the population are juveniles.
Because densities remain low during the establishment phase prawns are not subject to density
dependent mortality and therefore relatively more grow to their maximum size, producing
relatively more eggs and zoea. Thus in the low flow scenarios, while export of zoea occurs less
frequently, more zoea are produced per export event.
Under higher inflow conditions the population reaches its maximum sooner bringing about
density dependent mortality. However, as recruitment is not limited, replenishment of the
population by postlarvae occurs more continuously resulting in a higher 'turnover' of prawns
and fewer large adults. As a consequence biomass remains relatively lower, the population is
characterised by a relatively higher proportion of juveniles, and the number of zoea and
returning postlarvae are reduced with respect to the disturbed conditions.
An alternative assumption could be that as a population increases the chances of a cohort of
postlarvae establishing successfully decrease. This could be as a result of them settling in less
favourable regions of the estuary or directly by some form of undescribed competition.
However if the initial assumption of density dependent mortality is not an artefact of
assumption and is indeed conect, this may provide compelling evidence for the requirement of
mafntaining a measure of variability in estuarine systems. The American Society of Ecology
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has argued that variability is an essential requirement for healthy ecosystem functioning,
"sustainability does not imply maintenance of the status quo. Indeed change and evolution are
inherent characteristics of ecosystems, and attempts to freeze' ecosystems in a particular
state or configuration are generally futile in the short term and certainly doomed to failure
in the long term" (Christensen et al. 1996).
Despite the numerous assumptions and considerable degree of conjecture inherent in the
cun-ent formulation of the model, preliminary testing did appear to be able to predict, at least
in broad terms, patterns of response to the historical record of the mouth status. Indeed from
a management perspective many of these assumptions are less relevant as a comparative
assessment is usually required. In any event, the primary purpose of developing the model was
to demonstrate an approach to modelling which would provide a basis for ecologically
sustainable management, and while the approach may be limited by lack of understanding in the
short term, it does provide a framework to test research hypotheses as well as a means of
identifying research needs.
While this approach has been developed for Upogebia africana for the several reasons outlined
in Chapter 5, it could equally be applied to other species with known life-stage requirements.
Table 7.1 below provides a summary of other species which may be amenable as indicator
species.















Marine resident, estuarine phase in life cycle
Estuary resident, marine spawning
Estuary resident, marine spawning
Typical estuary resident
Marine resident, estuarine phase in life cycle
Estuary resident, marine spawning
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8 CONCLUSIONS AND RECOMMENDATIONS
8.1 CONCLUSIONS
Resource management in South Africa is on the threshold of a new era; an era to be
characterised by public participation, openness and transparency, and where the fundamental
principle is the management of natural resources to achieve long term environmental
sustainability. South Africa is not unique in this respect as is illustrated by the United States of
America, where "in recent years, sustainability has become an explicitly stated, even
legislatively mandated, goal ofmanagement agencies charged with the stewardship of natural
resources'" (Christensen et al. 1996).
However as suggested by Goodland (1995), while environmental sustainability is 'a rather
clear concept', there is considerable uncertainty regarding the details of its application. In part,
this uncertainty stems from a lack of understanding of how to evaluate the criterion of
environmental or ecological sustainability; particularly given the intergenerational requirement
often associated with environmental sustainability. In other words, how do we know now that
we are managing ecosystems which will still be healthy in the future. The concept gives rise to
a cascading series of critical issues. For example what do we measure or monitor to determine
the health or level of functioning of ecosystems? As we cannot possibly monitor all processes
or organisms in all environments how do we choose which to measure and where? Furthermore
what constitutes acceptable health and what becomes unsustainable?, particularly since what
may be unsustainable for one organism may be ideal for others.
These complexities of ecosystem management have long been recognised, often resulting in
utilitarian management approaches guided by the premise that it is possible to "simplify the
structure and composition of ecosystems to achieve efficient production of specific goods such
as timber, fish or agricultural crops at no risk to sustainability" (Christensen et al 1996). As
recognised by Goodland (1995), the historical management milieu has sought to establish the
optimal, and usually the most profitable, harvest rate for natural products such as timber or fish.
The focus of research has thus been to determine the' Sustained Yield', on the assumption that
this is equivalent to sustainable management. Both Goodland (1995) and the Ecological Society
of America Committee on the Scientific Basis for Ecosystem Management (Christensen et al.
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1996) support the view that finding an optimal solution for a single component of an ecosystem
"usually (possibly inevitably) results in declining utility or declining natural capital sometime
in the future, and is therefore not sustainable" (Goodland 1995). Indeed, current approaches
to the management of freshwater inflow to estuaries along the Gulf of Mexico still appear to
be based on the notion of sustained yield. Allocations of freshwater are determined on the basis
of historical harvest data, albeit for several species. The objective of management is
maximisation offish, prawn and shellfish harvests, with the expectation that not only are these
harvests sustainable, but also that the needs of all other components of the ecosystem will be
met.
The review of current approaches to the determination of the freshwater requirements of
estuaries indicates that little attention has been directed towards addressing this issue, despite
the fact that it appears that diminishing freshwater supply to estuaries is a growing international
concern. Methodologies which have evolved are somewhat parochial, tailored to the particular
characteristics of the estuarine system, such as the San Francisco Delta-Bay complex, or rely
on substantial historical, estuary-specific datasets, such as is the case for the Gulf estuaries. In
addition to being inappropriate for South Africa and any other developing nations due to the
requirement of substantial datasets, these approaches are unlikely to be able to demonstrate
ecological sustainability and are therefore fundamentally flawed.
Recognising the need to address the issues of ecological sustainability more holistically, as well
as the imperatives implicit in the pending legislation and policy in South Africa, this study set
out to develop a resource management approach for estuaries which contributes to
demonstrating ecological sustainability. A management approach and set of predictive
techniques have been developed, applied in a case study and critically reviewed. The approach
is designed to minimise the uncertainty of managing for ecological sustainability by providing
the means to demonstrate the ecological consequences of management actions. It is argued that
not only is this approach consistent with the principles of adaptive management, but
considerably enhances their applicability through emphasising good modelling practice with
directly linked and compatible monitoring procedures. In so doing, the risks of adaptive
management are foreshortened, if not by the predictive capability of models, at least by the
insight generated through developing models and synthesising understanding.
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While for the most part the approaches suggested in this study have not been tested, it should
be recognised that they are entirely based on current understanding of estuarine ecosystems in
South Africa. In other words the information upon which they are based is currently used by
scientists to make decisions about estuary management, although in a considerably less
integrated manner. Thus if nothing else, these models represent a structural framework for
assessing the strengths and weaknesses of current wisdom. In this respect, the
recommendations below in Section 8.2 identify the most urgent requirements for extending
current understanding. Despite the fact that these models have had disparate and generally poor
information sources for their formulation, their application in the Great Brak estuary yielded
results which were not only consistent with the recorded consequences of reductions in
freshwater discharge, but in the case of the Upogebia africana model, also provided new
insights regarding the population biology of the species.
The subsequent sensitivity analysis illustrated the need for models, particularly the Upogebia
africana model, to be subject to sensitivity analysis when utilised in an estuary management
context. In doing so, it is imperative that the scientists using the model in a workshop setting
are aware of the assumptions of the model and understand their implications. Not only does this
provide a basis for designing the sensitivity analysis for the exercise, but on every occasion for
use of the model, will provide the opportunity for scientists to improve assumptions or
contribute new data or understanding into the model formulation.
Management of estuaries in South Africa is underdeveloped and usually occurs on an ad hoc
basis. Furthermore, ecological objectives are seldom explicitly incorporated as management
objectives, if indeed these exist at all. The Great Brak estuary was selected as a case study as
this is one of the few estuaries in South Africa where management objectives have been
identified and a management committee is in place to attend to the management of the estuary.
It is also one of the few estuaries where a comprehensive, long-term monitoring strategy has
been initiated. However, as is evident from the discussion in Section 2.2 and Figure 2.7 (page
44), ecological criteria are not explicitly stated in the estuary management approach, and
decisions are taken primarily on the basis of either the dam level or the water level in the
estuary. While ecological principles have guided the formulation of the flow diagram, the
approach relies entirely on the results of the monitoring programme to evaluate the
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acceptability of past decisions. Furthermore, as no ecological goals have been explicitly stated
management will tend towards avoidance of' ecological disaster' situations rather than actually
managing for sustainability.
The advantage of the methodologies introduced in this study is that the consequences of certain
management actions can be more readily quantified. If this occurs within the context of the
suggested management framework (Figure 2.8, pg. 52) progress in meeting specified ecological
goals can be determined, and confirmed by means of a direct monitoring programme. In so
doing, the defensibility of management actions will be increased.
Because these approaches have been developed for application in the context of the data poor
situation in South Africa, it is anticipated that they will have general applicability in regions
which are characterised by lack of information. Moreover, it is argued that these techniques
would be directly applicable to the estuaries of 'developed' countries such as the United States
of America, where species specific information is likely to be greater. Considerable progress
has already been made in these countries regarding the use of optimisation methods to
maximise indices of biological functioning and minimise flow releases, particularly for Texas
estuaries. These techniques could be equally applied to the management indices proposed in
this study.
Finally, although this study has presented several approaches to quantifying the impacts of
freshwater flow reduction in ecological terms, it has not addressed the issue of goal setting.
Further attention needs to be directed toward identifying the acceptability of change, thereby
defining minimum standards for ecological performance, including the notions of risk and
variability.
8.2 RECOMMENDATIONS
8.2.1 Recommendations emerging from the fish recruitment index
Application in data poor regions
(a) Assuming that the longitudinal salinity difference is a valid indicator of the extent of
juvenile fish recruitment along other coasts, the index could be applied for these regions
„ with limited data acquisition, through following the steps identified below :
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• Undertake a classification of the estuarine fish fauna occurring in the region, with
particular reference to those species which are dependent on estuaries, and those
which are rare, endangered or endemic
• The preferred recruitment periods for key species should be identified. This may be
a representative subset of species if sufficient information is not known for all the
species identified above
• The model as formulated herein could then be applied and tested in a case study
Application in data rich regions
(b) Having undertaken the steps identified in (a) above the index could be validated through
comparing the results of the index applied for certain species with historical observed
catch data of that species, such as is available for many estuaries and several species in
the Gulf of Mexico estuaries. Extension of the approach to include species other than
those valued as commercial harvests would provide for a broader and more
representative indication of the ecological sustainability of freshwater management
policies in the region.
Further development of the approach
(c) Further investigation regarding the primary factors influencing the recruitment of j uvenile
marine fish into estuaries should be undertaken. This research should seek to establish
causal mechanisms and should be oriented toward developing a predictive understanding
of the processes of recruitment. In particular the suggestion that actual volume of
freshwater entering the coastal environment should be further investigated. These
findings should then be incorporated into the fish recruitment index.
(d) The recruitment preferences of additional species should be incorporated into the fish
recruitment index, particularly those which are dependent on estuaries (Category II) and
those which may be rare, endangered or endemic. This will ensure that the needs of a
greater range of species are included in the index, and will contribute to building
confidence in the approach. In addition, consideration needs to be given to whether
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geographic location should also be considered in determining the timing of recruitment
into estuaries.
(e) The performance of the fish recruitment index needs to be tested against actual
recruitment in relation to particular hydrodynamic conditions, including flow rates and
flux in longitudinal salinity gradient.
8.2.2 Recommendations emerging from the Habitat Modelling
(a) Primary estuary datasets such as bathymetry, sediment and vegetation distribution need
to be obtained by means of a standard protocol and at commensurate standards.
(b) Consideration should be given to linking the dynamic vegetation model currently under
development (Busse 1996,per:s. comm.) with the spatial capabilities of GIS.
(c) The concepts of habitat potential and habitat suitability as defined in this document need
to be considered further. In particular habitat suitability weightings for Upogebia
africana, and other important species should be determined.
8.2.3 Recommendations emerging from the Upogebia Model
Application in data poor regions
(a) If sufficient data are not available to implement the approach for a key invertebrate
species such as Upogebia africana, a similar approach to that of the fish recruitment
index could be adopted for invertebrates. The fish recruitment index approach could be
extended to also include a measure of preference for prevailing salinities or temperatures.
V
Application in data rich regions
(b) As is the case for the fish recruitment index, the approach of the Upogebia africana
model could be implemented for species where sufficient ecophysiological data are
available. Similarly predictions could be evaluated against the wealth of historical data
available for the commercially important species.
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Further development of the approach
(c) Populations of Upogebia africana in the Great Brak estuary should be monitored at an
increased level of frequency to determine whether the predicted seasonal decrease in
density occurs or not. Temperature and salinity within the estuary should be monitored
at fortnightly to monthly intervals to provide input to the model. This will permit more
rigorous testing of the validity of the approach.
(d) Further investigation should be undertaken to determine levels of predation in
established populations of Upogebia africana as well as to determine the processes of
population regulation and the factors impacting upon successful recruitment. The results
of such an investigation could provide a basis for the inclusion of more realistic
assumptions regarding density dependent mortality.
(e) Consideration should be given to the inclusion of differential growth rates within cohorts
in order to predict resultant size class frequency distributions more realistically.
(f) The temperature and salinity tolerances and preferences of all phases of the life cycle of
Upogebia africana should be determined. In particular the phenomenon of acclimation
needs to be properly addressed.
8.2.4 General recommendations
The above recommendations provide direction for further development of the approaches and
suggestions for application of these approaches in both data rich and data poor contexts.
Although the results of such investigation and testing may considerably improve the reliability
and assuredness of the approach it should be stressed that by far the most important
recommendation of this study is the implementation of these techniques in the context of the
management approach proposed for estuaries. In particular :
(a) Attention needs to be directed at the development of protocols to assist in the
formulation of management goals and objectives for estuaries. These goals should be
determined through a full public participation process and should ultimately be expressed
v in terms which are outputs of the modelling approaches and can be readily monitored.
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This study has contributed to the identification of potential indices which could be
considered. For example, population number, biomass or percentage of the population
which is juvenile in the case of the Upogebia africana model. However, as illustrated in
the case study scenarios which had less freshwater inflow, sometimes these scenarios
showed greater performance in an indicator such as biomass. Thus while one indicator
may show improvement another (such as the actual size class structure of the population)
may reflect an uneven distribution and therefore poorer measure of performance. The
implication of this is that a range of indicators needs to be identified, and considerable
attention needs to be directed towards identifying acceptable goals for ecosystem
components.
(b) Finally, the management approach described herein should be implemented as a case
study as part of an effort to identify a basis for a national management standard,
subsequent to detailed evaluation and public comment.
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Figure 1 : Flux in key characteristics of the estuary environment in relation to freshwater
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Figure 2 : Flux in key characteristics of the estuary environment in relation to freshwater
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Figure 3 : Flux in key characteristics of the estuary environment in relation to freshwater
inflow anticipated under post-dam, maximum baseflow conditions, with a 1:50 year
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Figure 4 : Flux in key characteristics of the estuary environment in relation to freshwater
inflow anticipated under post-dam, minimum baseflow conditions, with a 1:5 0 year
w flood in late summer (Slinger 1995)
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Figure 5 : Flux in key characteristics of the estuary environment in relation to freshwater
inflow anticipated under natural conditions, with 50% less baseflow between
March and June (Slinger 1995)
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Figure 6 : Flux in key characteristics of the estuary environment in relation to freshwater
inflow anticipated under pre-dam conditions, with 50% less baseflow between










30 60 90 120
30 60 90
^ Maximum water level
150 180 210 240 270 300 330 360
TIME (days)
120 150 180 210 240 270 300 330 360
TIME (days)
- Minimum water level
120 150 180 210 240 270 300 330 360
Average salinity (R2)
120 150 180 210 240 270 300
TIME (days)
— Longitudinal salinity difference Adjusted salinity (R4)
330 360
[•
i v - . ' . . •
. . { " • • ".•
• • • . - : :
:
 •••. . • • • : • b
TIME (days)
Figure 7 : Flux in key characteristics of the estuary environment in relation to freshwater
inflow anticipated under post-dam, maximum baseflow conditions, with 50% less
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Figure 8 : Flux in key characteristics of the estuary environment in relation to freshwater
inflow anticipated under post-dam, minimum baseflow conditions, with 50% less
" baseflow between March and June (Slinger 1995)
APPENDIX B
223
Summary of averages and maxima determined in the sensitivity analysis of key
assumptions/parameters in the Upogebia africana production model.
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Figure 1 : Results of the Upogebia model run to steady state for natural conditions, with
a 1:50 year flood in late summer
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Figure 2 : Results of the Upogebia model run to steady state for under pre-dam






















Figure 3 : Results of the Upogebia model run to steady state for post-dam, maximum
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Figure 4 : Results of the Upogebia model run to steady state for post-dam, minimum

























Figure 5 : Results of the Upogebia model run to steady state for natural conditions, with





















. 11 i 111 liiill
i l l l i !
TIME (year.)
Figure 6 : Results of the Upogebia model run to steady state for pre-dam conditions, with
"' 50% less baseflow between March and June
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Figure 7 : Results of the Upogebia model run to steady state for post-dam, maximum



























Figure 8 : Results of the Upogebia model run to steady state for post-dam, minimum
baseflow conditions, with 50% less baseflow between March and June
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